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Abstract
The uranium(III) tris(anilide) complex (THF)U(N[t-Bu]Ar)3 reacts with MN3 (M = Na, [N(n-Bu)4])
to form the bimetallic diuranium(IV/IV) salts M[(µ-N)(U(N[t-Bu]Ar)3)2]. The stability of the
U−N−U core across multiple charge states is illustrated by stepwise chemical oxidation of Na[(µ-
N)(U(N[t-Bu]Ar)3)2] to the corresponding neutral diuranium(V/IV) and cationic diuranium(V/V)
derivatives. Metallonitrene-like reactivity for [(µ-N)(U(N[t-Bu]Ar)3)2][B(ArF)4] is demonstrated
by its reaction with NaCN. The uranium(IV) azide complex (N3)U(N[t-Bu]Ar)3 is prepared by the
reaction of the uranium(IV) iodide complex IU(N[t-Bu]Ar)3 with NaN3. Photolysis or reduction
of (N3)U(N[t-Bu]Ar)3 leads to the bimetallic µ-nitride system [(µ-N)(U(N[t-Bu]Ar)3)2]n. The
reaction of (THF)U(N[t-Bu]Ar)3 with the azidoborate salt [N(n-Bu)4][(C6F5)3B(N3)] provides
the uranium(V) nitridoborate complex [N(n-Bu)4][(C6F5)3BNU(N[t-Bu]Ar)3], which leads to the
neutral uranium(VI) derivative (C6F5)3BNU(N[t-Bu]Ar)3 by way of 1e oxidation.
A system of uranium complexes featuring bidentate anilide ligands has been developed.
The syntheses of the bis(anilide) complexes [(Et2O)xLi][I2U(N[R]ArMeL)2] and I2U(N[R]ArMeL)2,
and the tris(anilide) complexes U(N[R]ArMeL)3 and U(N[Np]ArMeL)3 are described. The
N-tert-butylanilide derivative U(N[R]ArMeL)3 fails to react with a host of small molecule
substrates but does react with AgOTf to form the separated ion pair [U(N[R]ArMeL)3][OTf],
suggesting a high degree of steric encumbrance about the metal center. The N-neopentylanilide
derivative U(N[Np]ArMeL)3 reacts with pyridine-N-oxide to form the uranium(V) terminal oxo
complex OU(N[Np]ArMeL)3, and with NaN3 to provide the “-ate” complex [Na(THF)6][(µ,η1:η1-
N3)(U(N[Np]ArMeL)3)2].
The tungsten(VI) terminal nitride complex NW(N[t-Bu]Ar)3 is obtained in low but reproducible
yield through a route independent of dinitrogen chemistry. The reaction of NW(N[t-Bu]Ar)3
with electrophiles R–X (R–X = PhC(O)OTf; MeI) provides the four-coordinate imido salts
[RNW(N[t-Bu]Ar)3][X]. The siloxy-substituted ketimide complex Ph(Me3SiO)CNW(N[t-Bu]Ar)3
is obtained by reduction and silylation of the benzoylimido salt. In contrast to the chemistry
displayed by a related Mo-based system, no reactions that lead to the elimination of PhCN
from Ph(Me3SiO)CNW(N[t-Bu]Ar)3 were uncovered. The parent ketimide complex H2CNW(N[t-
Bu]Ar)3 reacts with electrophiles R′–X (R′–X = Me3SiOTf; [Ph2P][AlCl4]) through the ketimide
carbon, providing the substituted methylimido salts [R′CH2NW(N[t-Bu]Ar)3][X], which in turn
provide the substituted ketimide complexes R′(H)CNW(N[t-Bu]Ar)3 by deprotonation.
Thesis Supervisor: Christopher C. Cummins
Title: Professor of Chemistry
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54 Ph2(4-pyBR3)CNU(N[t-Nu]Ar)3
(4-pyBR3 = N-[(C6F5)3B]-4-pyridyl)
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1.1 INTRODUCTION
The global population is expected to reach 10 billion by 2050. As the human population increases,
so too will its energy demands. Controlled nuclear fission processes currently supply 16% of
the world’s electricity. This number is expected to increase as the environmental, economic, and
sociopolitical costs of fossil fuels rise. In order to help address the pressing issue of global energy
supply, the United States Department of Energy’s Nuclear Energy Research Advisory Committee
and the Generation IV International Forum, a consortium of 10 nations, have proposed a range of
nuclear technologies to be investigated, developed, and deployed by 2030.1 Known as Generation
IV nuclear energy systems, these technologies include six new and/or advanced nuclear reactor
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designs, new fissile fuels and materials, improvements in fuel cycles and storage, and new energy
products derived from the higher efficiency energy cycles.
Current nuclear power technologies rely on highly processed uranium oxide materials as fissile
fuel sources. Within the Generation IV initiative, the proposed fissile fuels include binary uranium
nitrides and carbides, ceramic materials that are compatible with the new nuclear reactor designs due
to their thermophysical properties and high fissile densities.1,2 Consequently, there is considerable
interest in understanding the properties of these materials. The molecular analogs of these materials
are of interest as possible synthons for the ceramic materials,3 as species that may be encountered
during a fuel reprocessing cycle,2 and more generally because they are a less well-understood class
of uranium compounds that may have applications that extend beyond nuclear technologies.4 The
synthesis and study of molecular uranium nitrides and related materials falls in the province of
inorganic and coordination chemistry.
The coordination chemistry of uranium has historically been dominated by those complexes
and reactions that are accessible in aqueous media. The non-aqueous coordination chemistry of
uranium traces its roots to Sir Geoffrey Wilkinson who in 1956 reported the synthesis of the
cyclopentadienyluranium(IV) derivative Cp3UCl.5 Since then, this field has grown steadily, and
uranium coordination complexes are now known for a host of ligand classes that would be otherwise
unattainable in aqueous solution, including alkoxide, aryloxide, alkyl, amide, imide, and nitride
derivatives.4,6–10
Against a backdrop of applications to future generation nuclear technologies and charting the
horizon of uranium coordination chemistry, this chapter presents the results of an investigation into
the synthesis of uranium–nitride coordination complexes stemming from the uranium tris(N-tert-
butylanilide) derivatives IU(N[t-Bu]Ar)3 (1) and (THF)U(N[t-Bu]Ar)3 (2).11
1.1.1 Binary and Molecular Uranium Nitrides
Data pertaining to uranium terminal nitrides are mostly limited to the spectroscopic observation (IR
spectroscopy) of binary and ternary nitrides under matrix isolation conditions (Figure 1.1a). The
linear triatomic molecule NUN has been prepared by trapping laser-ablated uranium atoms within
N2 and N2/Ar matrices.12–14 Isoelectronic to the well-studied uranyl dication, NUN is predicted to
have a 1Σ electronic ground state and a U–N distance of 1.717 A˚.14–16 Also generated under these
conditions is the diatomic molecule UN, which is predicted to have a 4Σ electronic ground state and
a U–N distance of 1.746 A˚. The reaction of laser-ablated uranium atoms with gaseous NF3 during
co-condensation in an argon matrix led to identification of the ternary uranium nitride NUF3, which
is predicted to have a C3v structure and a U–N distance of 1.759 A˚.17
While dinitrogen may be considered an ideal source for the generation of nitrogenous ligands,
the dinitrogen chemistry of uranium is limited and reports of dinitrogen activation with uranium
are rare. In general, the interaction between a uranium center and an N2 ligand is weak and
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results in little to no reduction of the N−−N bond (Figure 1.1b).18,19 Exceptions to this include
the homobimetallic pentalene complex [{(Cp∗)(η8-1,4-(Si-i-Pr3)2C8H4)U}2(µ,η2:η2-N2)] (d(N–N)
= 1.232(10) A˚; Figure 1.1c), and the heterobimetallic anilide complex (Ar[t-Bu]N)3U(µ,η1:η1-
N2)Mo(N[t-Bu]Ph)3 (d(N–N) = 1.232(11) A˚; (Figure 1.1d)). Of these two complexes, only the latter
features an irreversibly bound N2 ligand. Dinitrogen cleavage may be operative in the reduction of
[K(DME)][(Et8-calix[4]tetrapyrrole)U(DME)]20 with K(naphthalenide) in the presence of N2. The
product obtained under these conditions is a bimetallic mixed-valent salt of uranium(V/IV) ions,
[K(DME)4][K(DME){(Et8-calix[4]tetrapyrrole)U}2(µ-NK)2] (Figure 1.1e).21
The decomposition of an azide ligand within the coordination sphere of a metal center can
result in formation of a metal-bound nitride ligand, a general reaction that has been employed
in the synthesis of nitride complexes across the transition-metal block.22–25 In recent years,
researchers have begun to apply this strategy to the synthesis of isolable molecular uranium nitride
complexes. In 2005, Evans and co-workers reported the synthesis of octanuclear mixed azide-
nitride complexes of the form [(η5-C5Me4R)2U(µ-N)U(η5-C5Me4R)2U(µ,η1:η1-N3)]4 (R = Me, H)
via the decomposition of azide ion by a uranium(III) synthon.26 These nanoscale clusters feature
a 24-atom ring composed of a repeating {U(µ-N)U(µ,η1:η1-N3)} motif (Figure 1.1f). This work
was followed by a report on the trinuclear mononitride complex (µ3-N)[Cp∗U(µ-I)2]3.27 Related
to this is the work of Mazzanti and co-workers describing the one-dimensional mixed azide-
nitride coordination polymer {[(Cs(CH3CN)3][U4(µ4-N)(µ,η1-N3)8(CH3CN)8I6]}∞ formed from
the reaction of “Cs3[U(N3)7]” with UI3(THF)4 in CH3CN.28
The work detailed above reveals several important points to consider when exploring the
synthesis of uranium nitrides. First, matrix isolation studies clearly demonstrate the viability of
the terminal uranium nitride functional group in molecular systems. Second, the poor ability of
uranium ions to activate dinitrogen in the absence of strong reducing agents limits the utility of N2
chemistry for the synthesis of molecular uranium nitrides. Finally, the decomposition of azide ion
by highly reducing uranium complexes is an effective method for generating molecular uranium
nitrides, but preferentially stabilizing the terminal binding mode of the nitride ligand remains a
challenge.
1.2 RESULTS AND DISCUSSION
1.2.1 Accessing the Bimetallic Uranium Nitride Series [(µ-N)(U(N[t-Bu]Ar)3)2]n (n =
–1, 0, +1)
Expanding upon a line of research that was initiated by Prof. Polly Arnold during her tenure
as a postdoctoral researcher in the Cummins group, the reaction chemistry of 2 with azide salts
was investigated. Treatment of a purple-black solution of 2 in THF with NaN3 (0.5 equiv)
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Scheme 1.1. Possible mechanisms for the formation of M[3] (M = Na, N(n-Bu)4).
resulted in a gradual color change to red-brown over ca. 12 h. A rust-brown powder was
isolated in 70% yield following the removal of volatile materials under reduced pressure and the
addition of n-pentane. The paramagnetically broadened 1H NMR spectrum, solution magnetic
susceptibility (µeff = 3.23 µB, 20 ◦C, THF-d8), and combustion analysis of the isolated material
were consistent with the formation of the bimetallic diuranium(IV/IV) complex Na[(µ-N)(U(N[t-
Bu]Ar)3)2] (Na[3]). Similarly, treatment of 2 with [N(n-Bu)4][N3] (0.5 equiv) in thawing THF
provided [N(n-Bu)4][3] (µeff = 3.22 µB, 20 ◦C, THF-d8) in 79% yield. The formation of bimetallic
[3]− from monometallic 2 is analogous to the reaction of pyridine-N-oxide with 2, which provides
the bimetallic uranium(IV/IV) µ-oxide complex (µ-O)(U(N[t-Bu]Ar)3)2.29
Two possible mechanisms for the formation of M[3] (M = Na, [N(n-Bu)4]) from 2 and MN3
are readily envisioned (Scheme 1.1). One route involves the formation of a transient uranium(V)
terminal nitride salt M[NU(N[t-Bu]Ar)3] (M[4]) from MN3 and one equivalent of 2; subsequent
reaction of M[4] with unreacted 2 then provides M[3]. Alternatively, 2 may react with MN3 to
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form an intermediate azido “-ate” complex of the form M[(N3)U(N[t-Bu]Ar)3] (M[5]); subsequent
reaction of M[5] with an additional equivalent of 2 would lead to the bimetallic bridging nitride
complex M[(µ,η1:η1-N3)U(N[t-Bu]Ar)3] (M[6]), followed by loss of N2 and formation of M[3].
Given the typically voracious reactivity of low-coordinate uranium(III) complexes, this second
mechanism may appear unlikely. To its advantage though, this latter mechanism avoids any high-
energy metallonitrene-type intermediates30 by proceeding through a four-membered metallacyclic
transition state, analogous to that which is observed in the formation of organoimido complexes
from orgaonazides.25,31 Indeed, the reaction of organoazides with uranium(III) complexes is
known to provide organoimido derivatives of uranium(V), lending credence to this speculative
mechanism.29,32–40
With a formal 5f 2 electron count for each uranium(IV) center in the bimetallic [3]− ion, the
potential for outer-sphere redox chemistry with [3]− was realized (Scheme 1.2). Addition of AgOTf
(1 equiv) to a solution of Na[3] in THF resulted in formation of the neutral diuranium(V/IV)
complex (µ-N)(U(N[t-Bu]Ar)3)2 (3; µeff = 3.85 µB, 20 ◦C, chloroform-d), which was isolated as
a brown powder in 70% yield by precipitating and filtering off the product following removal of
precipitated Ag0 and separation from NaOTf. Furthermore, 3 reacts with [Cp2Fe][B(ArF)4] in Et2O
to form the cationic diuranium(V/V) complex [(µ-N)(U(N[t-Bu]Ar)3)2][B(ArF)4] ([3][B(ArF)4]; µeff
= 2.86 µB, 20 ◦C, chloroform-d), which was separated from the ferrocene coproduct by precipitation
and was isolated in 93% yield by filtration. Both 3 and [3][B(ArF)4] display only one anilide
environment in their respective 1H NMR spectra, indicating that both 3 and [3]+ possess S6 or
D3 symmetry on the NMR spectroscopic timescale.
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Figure 1.2. Cyclic voltammogram of 3 in THF (∼0.1 M [N(n-Bu)4][B(C6F5)4] supporting electrolyte)
at a 200 mV s−1 sweep rate.
1.2.2 Electrochemistry of the [(µ-N)(U(N[t-Bu]Ar)3)2]n (n = –1, 0, +1) Series
The electrochemical potentials relating [3]−, 3, and [3]+ were measured via cyclic voltammetry
using a solution of 3 in THF (Figure 1.2). Two reversible electrochemical events at E1/2 =−1.69 and
−0.64 V (vs. [Cp2Fe]0/+) were observed and assigned to the [3]−/3 and 3/[3]+ couples, respectively.
The large separation between the [3]−/3 and 3/[3]+ couples (|∆E1/2| = 1.05 V) corresponds to an
equilibrium constant Kc ≈ 5.6× 1017 for the comproportionation of [3]− and [3]+, suggesting
strong electronic communication between the uranium centers.41,42 A third electrochemical event
observed at potentials above 0 V was not fully reversible at sweep rates as fast as 1000 mV·s−1, and
may be due to formation of an unstable [3]2+ species.
1.2.3 X-Ray Structural Features of a U−N−U Core Across Three Charge
States
The solid-state structures of [N(n-Bu)4][3], 3, and [3][B(ArF)4] were determined by single-crystal
X-ray diffraction (Figure 1.3); associated key metrical parameters are summarized in Table 1.1.
In all three cases, each uranium center is coordinated in a trigonal pseudo-C3 fashion by three
anilide ligands and also occupies a terminus of a linear U−N−U bridge. The anionic derivative
[N(n-Bu)4][3] crystallizes in the monoclinic space group P21/n such that the U1–N4 and U2–N4
distances are similar but crystallographically independent of one another. The neutral complex
3 crystallizes in the triclinic space group P1 with a crystallographic inversion center residing
coincident with the bridging nitride ligand N4. This imposes molecular Ci point symmetry on 3 and
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Table 1.1. Selected interatomic distances (A˚) and angles
(deg) in the uranium nitride complexes [N(n-Bu)4][3], 3,
and [3][B(ArF)4].
U–Nnitride avg. U–Nanilide U–N–U
[N(n-Bu)4][3] 2.080(4) 2.323 175.1(2)
2.077(4)
3 2.0625(2) 2.243 180
[3][B(ArF)4] 2.0470(3) 2.191 180
2.0511(3)
renders the two U–Nnitride distances equivalent. The cationic derivative [3][B(ArF)4] crystallizes in
the space group P1 as well. In this case, the asymmetric unit contains two halves of two distinct
[3]+ ions, resulting in two chemically equivalent but crystallographically independent U–Nnitride
distances.
Successive 1e oxidation of the U−N−U core results in a decrease of the uranium–nitride
distance across a range of ca. 0.03 A˚, while the average U–N[t-Bu]Ar distance decreases across
a comparably larger range of ca. 0.12 A˚. The observed contraction of the U−N−U core upon
oxidation is likely primarily electrostatic in origin, where the removal of metal-based nonbonding
electrons results in an increasingly electron-deficient U−N−U core. This structural dependence
on charge is reminiscent of that which is displayed by penta- and hexavalent uranyl complexes,
where the very covalent multiple bonds along the O−U−O axis are less responsive to the charge
state than are the more ionic bonds in the molecular equator.15,43,44 The U–Nnitride distances of the
[3]n series fall in a range that is ca. 0.1 A˚ longer than typical U–N distances observed in uranium
imido complexes,45 and are similar to those found in the octanuclear mixed azide/nitride clusters
[(C5Me4R)2U(µ-N)(C5Me4R)U(µ,η1:η1-N3)]4 (R = H, Me) reported by Evans and co-workers.26
1.2.4 Comments on the Solution Magnetism of the [(µ-N)(U(N[t-Bu]Ar)3)2]n (n =
–1, 0, +1) Series
Under an L+ S spin-orbit coupling scheme, a free uranium(IV) ion has a 3H4 ground state and
a theoretical effective magnetic moment of µeff = 3.58 µB, while a free uranium(V) ion has a
2F5/2 ground state and a theoretical effective magnetic moment of µeff = 2.54 µB.46,47 Clearly, the
observed solution effective magnetic moments of [3]−, 3, and [3]+ are lower than are to be expected
from a simple summation of two magnetically non-interacting uranium ions. Studies directed at
assessing the degree of magnetic interaction between uranium ions connected through a mutually
shared ligand have shown that the effective magnetic moments tend to be lower than expected based
upon spin-only or spin-orbit considerations, and that intramolecular uranium–uranium magnetic
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Figure 1.3. ORTEP renderings of [N(n-Bu)4][3] (top), 3 (center), and [3][B(ArF)4] (bottom). Thermal
ellipsoids are displayed at 50% probability; hydrogen atoms, co-crystallized solvent molecules, and
crystallographically distinct but chemically equivalent molecular fragments have been omitted for
clarity.
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exchange interactions are typically weak.35,42,48,49 The physical origins of these features are not
fully understood and are likely compounded in complexity by ligand field and relativistic effects and
mixing of the d- and f -orbital manifolds.50,51 The [3]n system would seem to be an ideal candidate
for detailed magnetochemical and EPR spectroscopic studies, though such studies have not yet been
undertaken.
1.2.5 Electronic Structure of (µ-N)(U(NH2)3)2
DFT is to a large degree ill-suited to address questions regarding the electronic structure of actinide
complexes that possess unpaired metal-based electrons.52 This is due to the difficulties of achieving
a stable (i.e. self-consistent) configuration for the unpaired electrons within the large number of
closely spaced orbitals derived from the 5f and 6d manifolds. This problem is compounded when
multiple actinide centers and several unpaired electrons must be considered, as is the case in
the [3]n series. A more appropriate computational approach to such systems is found in multi-
configurational methods, such as complete active space self-consistent field theory (CASSCF)
used in conjunction with second-order perturbation theory (CASPT2).53,54 Although not employed
herein, CASSCF/CASPT2 allows for the calculation of multi-configurational electronic states
and has been applied to bimetallic uranium systems featuring metal–metal multiple bonding.55,56
Still, the ability of modern DFT methods to address questions regarding electronic structure and
bonding interactions in complex actinide systems in a computationally expedient fashion has been
demonstrated.52 As applied herein, employing DFT allows for the observation of several important
qualitative features regarding the electronic structure of 3.
For purposes of computational expediency, the full N-tert-butylanilide ligand set was truncated
to the parent amide (–NH2), leading to the model complex (µ-N)(U(NH2)3)2 (7). The optimization
of 7 was electronically unrestricted and 7 was assigned a quartet (S = 3/2) ground state. This is
not necessarily an accurate depiction of 3, for reasons described above. Inspection of the solid-
state structure of 3 reveals a molecular pseudo-C3 axis coincident with the central U−N−U axis,
in addition to the crystallographically enforced Ci point symmetry. The anilide ligands assume a
propeller-like orientation with respect to the pseudo-C3 axis, canting by ca. 60◦ away from the plane
containing the nitride ligand, the uranium centers, and the anilide nitrogen. This, when coupled with
inversion symmetry, imparts 3 with approximate S6 symmetry. Unfortunately, the ADF program
suite does not accommodate C3 or S6 point symmetry, thus requiring a consideration of what, if
any, symmetry constraints should be applied to 7. Performing a DFT calculation on 7 without
any symmetry constraints (C1) sacrifices both three-fold rotational and inversion symmetry, while
treatment under Ci symmetry sacrifices three-fold rotational symmetry. Both choices result in losing
information pertaining to both an optimized geometry for 7 that is relevant to 3 and symmetry
information for the molecular orbitals of 7. The choice was thus made to optimize 7 under D3 point
symmetry. This ensures that molecular C3 rotational symmetry and a staggered conformation for
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Figure 1.4. Left: molecular orbital energy diagram for 7 under D3 symmetry; orbital numbers,
symmetry, and energies (in eV) are shown; several high-lying unfilled orbitals are omitted. Right:
renderings of selected frontier molecular orbitals for 7.
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the N3U−N−UN3 core are maintained, as is mandated by the true pseudo-S6 point symmetry of 3.
The three C2 axes of the D3 point group relate pairs of amide ligands positioned anti relative to one
another in 7, and are meant to serve as a surrogate for the inversion symmetry found under the true
pseudo-S6 point symmetry of 3.
The optimized U–Nnitride and U–Namide distances in 7 are 2.029 A˚ and 2.194 A˚ (avg.). These
distances are ca. 0.04–0.05 A˚ shorter than the corresponding distances in 3. The average N–U–
NH2 angles in 7 are ca. 10◦ larger than are observed in 3. These differences may be attributed to the
decreased steric demands of the amide ligands in 7 as compared to the bulky anilide ligands in 3. A
non-aufbau electronic configuration for 7 was calculated and is not to be taken as a highly accurate
model for the true ground state electronic structure of 3. Inspection of the frontier molecular orbital
region of 7 reveals a high density of molecular orbitals that span a small range of energies (Figure
1.4). Additionally, the frontier molecular orbitals are almost entirely composed of symmetry-
adapted linear combinations of atomic 5f orbitals, while molecular orbitals involved in bonding
interactions between the nitride ligand and the uranium centers are buried at lower energies. This
supports the view that the electrons that are highest in energy in the [3]n series are primarily metal-
based and nonbonding, and assists in explaining why the U–Nnitride distances in the [3]n series do
not vary dramatically as the charge n changes.
1.2.6 Reactions Stemming from [(µ-N)(U(N[t-Bu]Ar)3)2][B(ArF)4]
Exploratory reactions were undertaken with the goal of discovering conditions that lead to
fragmentation of the U−N−U core in [3][B(ArF)4] (Scheme 1.3). The reaction of [3][B(ArF)4]
with the phenylaceylide salt Li[CCPh] was explored as a possible route to the uranium(IV)
phenylacetylide derivative (PhCC)U(N[t-Bu]Ar)3 and the desired uranium terminal nitride complex
4. Addition of a THF solution of Li[CCPh] to a stirred THF solution of [3][B(ArF)4] followed by
a 12 h period of stirring resulted in clean formation of the neutral uranium(V/IV) derivative 3, as
assayed by 1H NMR spectroscopy. While the fate of the phenylacetylide fragment was not pursued,
it is assumed that the organic radical generated by oxidation of phenylacetylide ion was most likely
quenched by abstracting a hydrogen atom from the THF solvent.
The carbon monoxide chemistry of uranium consists primarily of a handful complexes featuring
weak U–CO interactions,18,57–61 the insertion of CO into uranium–ligand σ-bonds,62,63 and
the reductive coupling of CO to ethynediolate, deltate, and squarate ions by highly reducing
uranium(III) derivatives.64–67 Despite the limited assortment of established reactions between CO
and complexes of uranium, the reactivity of [3][B(ArF)4] towards CO was investigated. A solution
of [3][B(ArF)4] in chloroform-d was allowed to remain under an atmosphere of CO for one week
and was monitored periodically via 1H NMR spectroscopy. No reaction was observed within the
first 24 h. Within one week, the color of the reaction mixture had changed from dark brown to green-
brown. The 1H NMR spectrum of the reaction mixture revealed the formation of free HN[t-Bu]Ar,
suggesting that degradation of [3][B(ArF)4] had occurred. This degradation may be a consequence
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Scheme 1.3. Reactions with [3][B(ArF)4]: 1e reduction to 3 effected by Li[CCPh] (top); decomposition
in the presence of CO (center); insertion of cyanide ion into the U−N−U core leading to 8.
of trace impurities in the CO atmosphere, or due to the infiltration of adventitious water or oxygen
during the storage period.
Treatment of [3][B(ArF)4] in THF with NaCN results in elimination of Na[B(ArF)4]
and formation of the known diuranium(IV/IV) µ-cyanoimide complex (µ,η1:η1-NCN)(U(N[t-
Bu]Ar)3)2, which by this new reaction was isolated in 60% yield. Prior to its synthesis from
NaCN and [3][B(ArF4)], 8 had been prepared from 2 and the cyanonitrene (N−−C−N) group transfer
reagent dbabh-CN (dbabh = N-cyano-2,3,5,6-dibenzo-7-azabicyclo[2.2.1]hepta-2,5-diene).68 Here,
cyanide serves as a 2e reducing agent, converting two uranium(V) centers to uranium(IV) while
inserting into the nitride bridge. This is similar to a reaction reported by Meyer and co-
workers, wherein the monometallic uranium(V) imido complex [{(ArtBuO)3tacn}U(NSiMe3)]
({(ArtBuO)3tacn} = phenolate trianion of N,N′,N′′-tris(2-hydroxy-3,5-di-tert-butylbenzyl)-1,4,7-
triazacyclononane) reacts with methyl isocyanide to form Si2Me6 and the uranium(IV) carbodiimide
derivative [{(ArtBuO)3tacn}U(NCNMe)].40 More generally, the insertion of cyanide ion into the
U−N−U core of [3]+ is reminiscent of the reactivity of certain electrophilic metal nitride complexes
towards reducing Lewis bases such as phosphines or carbon monoxide, yielding phosphiniminato or
isocyanate derivatives, respectively.24,69 This also suggests that the U−N−U core of [3]+ behaves
as a masked metallonitrene.30
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Figure 1.5. Infrared spectra of 5 as a Nujol mull and as a solution in benzene.
1.2.7 Synthesis of the Uranium(IV) Azide Complex (N3)U(N[t-Bu]Ar)3
The mechanism for azide decomposition by 2 suggested in Scheme 1.1 relies on the availability
of 2 to react with either the transient terminal nitride salt M[4] or with the intermediate “-ate”
complex M[5]. The uranium(IV) azide complex (N3)U(N[t-Bu]Ar)3 (5) was prepared in order to
investigate azide decomposition at uranium in the absence of 2. Stirring a THF solution containing
the uranium(IV) iodide complex 1, a stoichiometric equivalent of NaN3, and a substoichiometric
amount of the cyclic polyether 15-crown-5 for 2 d led to the isolation of small yellow needle-
like crystals of 5 in 63% yield following separation of NaI, the removal of volatile materials, and
crystallization from Et2O (Scheme 1.7). The IR spectrum of 5 as a Nujol mull (KBr plates) revealed
a broad band centered at 2133 cm−1, consistent with the successful incorporation of azide ion, while
the IR spectrum of 5 in solution (KBr cell, benzene) contained three bands at 2130, 2114, and 2084
cm−1 (Figure 1.5). Additionally, the transmittance associated with the solution-phase IR bands
appeared to vary slightly with the concentration of 5. These features suggest that 5 aggregates in
solution as small clusters via bridging µ,η1:η1-N3 bridges, a coordination mode that is commonly
encountered in uranium(IV) azide chemistry (vide infra).
1.2.8 X-ray Crystal Structure of (N3)U(N[t-Bu]Ar)3
The solid-state structure of 5 was determined via single-crystal X-ray diffraction methods in
order to more fully understand how and to what extent 5 aggregates into clusters. Complex 5
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Figure 1.6. Ball-and-stick representations of [5]3 (red, uranium; blue, nitrogen, black, carbon) derived
from X-ray structural coordinates. Left: one of the disordered components of [5]3; hydrogen atoms
and all methyl groups have been omitted for clarity. Right: the (µ,η1:η1-N3)3U3 core of [5]3, with all
disordered components shown.
crystallizes as trimers of the form [(µ,η1:η1-N3)U(N[t-Bu]Ar)3]3 ([5]3) in the hexagonal space
group P63 (Figure 1.6). The refined crystallographic model of [5]3 suffers from multiple
disorders that are reflected in poor refinement statistics. Despite these problems, the gross
connectivity in crystalline [5]3 is clearly revealed. Bridging µ,η1:η1-N3 ligands are found in
other crystallographically characterized uranium complexes, including the bimetallic monoazide
complex [{(ArtBuO)3tacn}U]2(µ,η1:η1-N3)70 and the octanuclear mixed azide/nitride clusters [(η5-
C5Me4R)2U(µ-N)U(η5-C5Me4R)2U(µ,η1:η1-N3)]4 (R = Me, H) described in Section 1.1.1.26 The
uranium azide trimer [Cp∗2U(N3)(µ,η1:η1-N3)]3 was recently reported by Evans and co-workers,
and features a core structure quite similar to that of [5]3 with both terminal and bridging azide
ligands at each uranium center.27
1.2.9 Bridging Nitride Complexes Derived From (N3)U(N[t-Bu]Ar)3
The azide trimer [5]3 was explored as a potential synthon for uranium nitride complexes. While
the sought-after terminal nitride derivatives [4]n (n = −1, 0) were not isolated from reactions
involving [5]3, reaction conditions that lead to formation of the bridging nitride complexes [3]n
(n = −1, 0) were found (Scheme 1.7). Photolysis of 5 as a benzene-d6 solution in a flame-sealed
borosilicate NMR tube resulted in formation of the neutral bimetallic bridging nitride complex 3,
along with free HN[t-Bu]Ar and other unidentified products that were presumed to have arisen
via decomposition. Complex [5]3 was found to be thermally stable up to 95 ◦C, beyond which
temperature decomposition and the formation of HN[t-Bu]Ar occurred. Stirring a THF solution
[5]3 over 1% sodium amalgam (7 equiv) led to the isolation of the bimetallic nitride complex Na[4]
in 51% yield following a standard workup.
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Figure 1.7. Photolysis, thermolysis, and reduction chemistry with the azide complex [5]3.
In both the photolysis and reduction reactions involving [5]3, the formation of aggregates of
5 with lower nuclearity may be an important factor. In solution, [5]3 may in fact engage in a
dissociation equilibrium with the monomer 5. In the event that this occurs, photolytic extrusion
of azide radical (N3·) from mononuclear 5 would provide the coordinatively unsaturated “U(N[t-
Bu]Ar)3”, which could then react with free 5 to form 3 in a manner similar to that which is depicted
in Scheme 1.1. Similarly, 1e reduction of 5 in THF may provide 2, which could then react with
unconsumed 5 to form 3 en route to Na[3] by an additional 1e reduction step. In the photolysis and
reduction reactions with [5]3, the intermediacy of putative [4]n (n = −1, 0) has not been ruled out.
1.2.10 Synthesis of the Borane-Capped Uranium Nitrides [(C6F5)3BNU(N[t-Bu]Ar)3]n
(n = –1, 0)
While the reaction of free azide ion with 2 leads exclusively to the bimetallic anion [3]−, the
reaction of an organoazide with uranium(III) complexes, including 2, generally leads to the
corresponding monometallic organoimidouranium(V) derivatives.29,32–40 Drawing inspiration from
this, we posited that the reaction of 2 with an azide salt complexed by a simple Lewis acid would
generate a protected nitride ligand at uranium while avoiding bimetallic complex formation. The
structurally characterized azidoborate salt [NMe4][(C6F5)3B(N3)] ([NMe4][9]) seemed to be an
ideal candidate to test our approach for delivery of a protected nitride fragment to uranium.71 For
convenience, we prepared the tetra-n-butylammonium derivative [N(n-Bu)4][9] in good yield by
treating [N(n-Bu)4][N3] with B(C6F5)3 in dichloromethane. Dropwise addition of a thawing Et2O
solution of 2 to a stirred thawing Et2O solution of [N(n-Bu)4][9] resulted in evolution of N2 and a
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change in color to dark brown. A brown solid was isolated in 80% yield after allowing the reaction
mixture to stir for 2 h and workup (Scheme 1.4). The isolated material exhibited an effective
solution magnetic moment of µeff = 1.98 µB (20 ◦C, chloroform-d) consistent with the formation
of the uranium(V) nitridoborate complex [N(n-Bu)4][(C6F5)3BNU(N[t-Bu]Ar)3] ([N(n-Bu)4][10]).
The solution µeff value for [N(n-Bu)4][10] is lower than the theoretical value for a free 5f 1 ion (µeff
= 2.54 µB).
A solution of [N(n-Bu)4][10] in THF was found by cyclic voltammetry to exhibit a reversible
1e redox event at−0.60 V (vs. [Cp2Fe]0/+) assigned to the U5+/U6+ couple (Figure 1.8). Chemical
oxidation of [N(n-Bu)4][10] with I2 (0.5 equiv) or AgOTf (1 equiv) in thawing Et2O led to
formation of the diamagnetic uranium(VI) nitridoborate complex (C6F5)3BNU(N[t-Bu]Ar)3 (10),
which precipitated from solution upon concentrating the reaction mixture and adding n-pentane,
and was isolated in 82% yield (Scheme 1.4).
1.2.11 X-Ray Structural Features of a B−N−−U Core Across Two Charge
States
The structures of both [N(n-Bu)4][10] and 10 were determined by single crystal X-ray diffraction
methods (Figure 1.9); key metrical parameters for these structures are presented in Table 1.2.
The uranium(V) nitridoborate salt [N(n-Bu)4][10] crystallized as discrete, spatially separated
[N(n-Bu)4]+ and [10]− ions. The structure of [10]− features a nearly linear B−N−−U core
(177.8(3)◦). The B1–N4 distance of 1.540(6) A˚ is slightly longer than the corresponding distance
in [NMe4][9] (1.584(4) A˚)71 and is short when compared to the range of B–N distances found in
other reported pentafluorophenyl-substituted nitridoborate complexes (1.547–1.593 A˚; avg. 1.580
A˚).45 The U1–N4 distance of 1.916(4) A˚ is 0.1 A˚ shorter than the average U–Nimido distance
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Figure 1.8. Cyclic voltammogram of [N(n-Bu)4][10] in THF (∼0.1 M [N(n-Bu)4][PF6] supporting
electrolyte) at a 100 mV s−1 sweep rate.
Table 1.2. Selected interatomic distances (A˚) and angles (deg) in the
uranium nitridoborate complexes [N(n-Bu)4][10] and 10.
U–Nnitride avg. U–Nanilide B–Nnitride B–N–U
[N(n-Bu)4][10] 1.916(4) 2.255(2) 1.540(6) 177.8(3)
10 1.880(4) 2.190(2) 1.592(6) 179.4(3)
calculated from several reported neutral uranium(V) imido complexes, but it is essentially identical
to the U–Nimido distance found in the related tris(hexamethyldisilazide)uranium(V) complex
Me3SiNU(N[SiMe3]2)3 (1.910(6) A˚).34
The structure of 10 features a B−N−−U core that is again nearly linear (179.4(3)◦) and a B1–N4
distance of 1.592(6) A˚, this being 0.05 A˚ longer than the corresponding distance in [10]−. The
U1–N4 distance of 1.880(4) A˚ is ca. 0.04 A˚ shorter than the corresponding distance in [10]−, but
is slightly longer (ca. 0.02 A˚) than the U−−N distances in the related five-coordinate uranium(VI)
imido(fluoride) complexes trans-U(NR)(N[SiMe3]2)3F (R = SiMe3, Ph).7 Lewis acid adducts of
metal nitrides are known to display longer M–N distances than the corresponding free terminal
nitrides.72,73
1.2.12 Charge Accumulation and Bond Indices in Uranium–Ligand Bonds
To address the question of how the bonding in 10 compares to that of a free terminal uranium nitride
or an organoimido uranium(VI) complex we turned to density functional theory and calculated U–
N bond multiplicity (BM) indices based on Nalewajski-Mrozek valence indices.74 This approach
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Figure 1.9. ORTEP rendering of [N(n-Bu)4][10] (top) and 10 (bottom). Thermal ellipsoids are
presented at 50% probability; hydrogen atoms and co-crystallized solvent molecules have been omitted
for clarity.
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Figure 1.10. Plot of Nalewajski-Mrozek bond multiplicity vs. U–N interatomic distance, illustrating
their linear relationship.
incorporates both covalent and ionic contributions to valency and yields BM indices, analogous
to bond order, that correlate well with experimental observables such as interatomic distances and
vibrational frequencies as well as chemically intuitive descriptions of bonding. This approach has
recently been applied to metal–ligand and metal–metal multiply bonded systems with favorable
results.74 Table 1.3 collects the calculated U–N distances and BM indices for the truncated model
(C6F5)3BNU(N[Me]Ph)3 and several other relevant molecules.7,14,17,75–79 In all cases the calculated
U–N distances agree well with the experimentally observed values and a linear relationship between
BM and U–N distance is noted (Figure 1.10). Surprisingly, the calculated U–N BM for the linear
molecule NUN suggests a U–N quadruple bond, while the U–N BM of the free terminal nitrides
NUF3 and NU(N[Me]Ph)3 are between that of a triple and quadruple bond.§ The calculated Mo–
N BM for the related Mo model complex NMo(N[Me]Ph)3 falls below three. Notable as well
are the large charges borne by both U and N (qM and qN) in NU(N[Me]Ph)3, reflecting greater
polarization of the M–N bond as compared to NMo(N[Me]Ph)3. Upon moving from NU(N[Me]Ph)3
to (C6F5)3BNU(N[Me]Ph)3 the U–N BM decreases to slightly less than that of a full triple bond,
which is similar to the U–N BM values for the uranium organoimido complexes considered; qN for
(C6F5)3BNU(N[Me]Ph)3 is similar as well to the uranium organoimido complexes. Thus, while 10
may be described as a borane adduct of a uranium nitride, from the standpoint of the U–N BM and
qN, 10 is an analogue of other formally triply bonded uranium(VI) organoimido complexes.
§As NUN is isoelectronic to the well-studied uranyl ion, one does not expect to find a quadruple bond here. It should
be kept in mind that the Nalewajski-Mrozek method incorporates both covalent and ionic contributions, and also that it
may not yet be optimized for challenging 5f element calculations.
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Table 1.3. Calculated uranium–ligand interatomic distances, bond indices, and charge distribution
in selected model complexes.
Moleculea Bond Distanceb BMc, 74 qMd qXe
(C6F5)3BNU(N[Me]Ph)3 U–NB 1.874 (1.880(4)f ) 2.83 +3.18 −1.41
U–N[Me]Ar 2.193 (2.190f ) 1.43
N–B 1.570 (1.592(5)f ) 0.88
(C6F5)3BNCMe N–B 1.590 (1.616(3)) 0.80
NUN U–N 1.743 4.07 +1.52 −0.76
NUF3 U–N 1.755 3.71 +2.16 −0.51
U–F 2.066 1.56
NU(N[Me]Ph)3 U–N 1.769 3.67 +3.44 −1.24
U–NC2 2.216 1.36
NMo(N[Me]Ph)3 Mo–N 1.660(1.651(4)f ) 2.79 +1.69 −0.60
Mo–NC2 1.990 (1.964f ) 0.92
U(N-t-Bu)2(I)2(THF)2 U–N 1.882 (1.844) 2.70 +2.82 −1.47
UCp∗2(NPh)2 U–N 1.984(1.952(7)) 2.36 +3.71 −1.34
U(NSiMe3)(N[SiMe3]2)3F U–N 1.943 (1.854(23)) 2.62 +4.61 −1.52
[UO2]2+ U–O 1.721 3.19 +2.16 −0.08
cis-UO2Cl2(OPMe3)2 U–O 1.809 (1.771(4)g) 2.68 +2.78 −0.83
trans-UO2Cl2(OPMe3)2 U–O 1.806 (1.764(9)g) 2.69 +2.84 −0.79
a All molecules geometry-optimized without symmetry constraints at the spin-restricted BP86 TZ2P/ZORA level.
b Distances given in A˚; average values are reported in cases with more than one of a given type; values listed in
parentheses are experimentally observed distances. c Bond multiplicity calculated as discussed and cited in the
text. d MDC-q charge on the metal atom in atomic units. e MDC-q charge on the multiply-bonded N or O atom
in atomic units. f Distance pertains to complex bearing the full –N[t-Bu]Ar ligand set. g Distance pertains to
complex bearing Ph3PO as the coordinated phosphine oxide.
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1.2.13 Strategies for Borane-Removal from (C6F5)3BNU(N[t-Bu]Ar)3
Green and co-workers have demonstrated the chemical removal of the tris(pentafluorophenyl)borane
fragment from nitridoborate complexes containing this group.72 The addition of a competetive
Lewis base L (L = PMe3 or NEt3) to select nitridoborate complexes of rhenium, molybdenum, and
osmium was shown to provide the corresponding metal nitride complex and (C6F5)3B−L when the
steric constraints about the metal center were sufficiently mild. Unfortunately, both [N(n-Bu)4][10]
and 10 were found to be unreactive towards stoichiometric amounts of PMe3 and NEt3 at room
temperature, while heating these mixtures or adding a large excess of the free Lewis base led only
to decomposition. No reagents or conditions leading to the clean removal of the borane fragment
in [N(n-Bu)4][10] or 10 have yet been found. This may be due to several factors, including the
large degree of steric protection provided by the ancillary anilide ligands, the highly electrophilic
character of the B(C6F5)3 group, and the significant amount of charge accumulation at the nitride
ligand acting to strengthen the N–B interaction. Thus far, the only productive reactions with 10 that
have been observed involve 1e reduction back to [10]−. Treatment of 10 with KH in THF led to the
isolation of K[10], which was identified spectroscopically and by single-crystal X-ray diffraction.
1.3 CONCLUSIONS
The decomposition of free and borane-protected azide ion by the reducing uranium(III) tris(anilide)
complex 2 provides molecular uranium mononitride derivatives Na[3] and [N(n-Bu)4][3]. These
complexes offer insight into the structural and electrochemical characteristics of the uranium nitride
functional group. The bimetallic system [3]n (n = −1, 0, +1) and the monometallic system [10]n
(n = −1, 0) also provide a rare opportunity to compare structural parameters of U–N multiple
bonds in isostructural complexes over multiple charge states. Complexes [N(n-Bu)4][10] and 10
are the first examples of uranium nitridoborate complexes, and the synthesis of [N(n-Bu)4][10]
from [N(n-Bu)4][9] demonstrates a new method for preparing nitridoborates that does not require
a free metal nitride as a precursor or the use of protic reagents.80 Synthetic routes involving the
decomposition of the coordinated azide ion in 5 led back to the bimetallic [3]n system. The
insertion of cyanide into the U−N−U core of [3][B(ArF)4] shows that the reaction chemistry
of uranium nitrides extends beyond simple outer-sphere redox processes. This, along with the
high polarity expected of a terminal uranium-nitride bond (Uδ+–Nδ−) and the oxidizing nature of
uranium in its higher oxidation states, intimates that a high-valent terminal uranium nitride would
have the capacity to engage in bond-forming reactions at the nitride ligand via multiple mechanistic
pathways. Further developments stemming from this system of uranium nitrides may be anticipated,
especially regarding reactions that result in heterolytic fragmentation of the U−N−U core of [3]n.
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1.4 EXPERIMENTAL DETAILS
1.4.1 General Considerations
All manipulations were carried out at room temperature (23 ◦C) under an atmosphere of purified
dinitrogen in a Vacuum Atmospheres MO-40M glove box or with a vacuum manifold using standard
Schlenk techniques, unless otherwise specified. Celite 545 (EM Science) and 4 A˚ molecular
sieves were dried via storage in a 225 ◦C oven for 24 h followed by complete desiccation under
dynamic vacuum at 210 ◦C for 48 h prior to use. Solvents were purified using a commercial Glass
Contour solvent purification system constructed by SG Water USA (Nashua, NH USA), and were
stored over activated 4 A˚ molecular sieves prior to use. Chloroform-d, benzene-d6, and THF-d8
were obtained from Cambridge Isotope Laboratories, Inc. (Andover, MA USA). Chloroform-d
and benzene-d6 were vacuum distilled from CaH2, degassed with two freeze-pump-thaw cycles,
and stored over activated 4 A˚ molecular sieves prior to use. THF-d8 was vacuum distilled from
a purple THF-d8 solution of sodium benzophenone ketyl. B(C6F5)3, [Cp2Fe][B(ArF)4], and
(THF)U(N[t-Bu]Ar)3were prepared according to published procedures. UI3(THF)4 and UI3 were
prepared according to published procedures.81–84 All other reagents were obtained from commercial
suppliers and used as received. All glassware was oven-dried at a temperature of 225 ◦C prior to
use.
Solution 1H and 13C{1H} spectra were recorded on Varian Mercury-300 or Varian Inova-500
spectrometers at 20 ◦C. 1H and 13C{1H}NMR spectra were referenced internally to residual solvent
(C6D5H in C6D6, 7.16 ppm; C6D6, 128.29 ppm; CHCl3 in CDCl3, 7.27 ppm; CDCl3, 77.23 ppm).
All 19F spectra were referenced externally to neat CFCl3 (0 ppm). Electrochemical measurements
were performed using a BAS CV-50W potentiostat using a platinum disc as the working electrode,
a platinum wire as a counter electrode, and a silver wire as a pseudo-reference electrode. Potentials
were referenced internally to the ferrocene/ferrocenium redox couple (0 mV). Measurements were
performed under an atmosphere of dinitrogen in ca. 0.2 M solutions of [N(n-Bu)4][PF6] or [N(n-
Bu)4][B(C6F5)4] in THF. All FTIR spectra were recorded on a Perkin-Elmer Model 2000 FT-
IR spectrophotometer using KBr plates. Photolysis reactions were performed using a Rayonet
photoreactor equipped with 16 RPR-2540 bulbs (λmax = 254 nm). X-band EPR spectroscopic
measurements were performed using a Bruker EMX spectrometer equipped with 13 inch magnets,
an ER 4102ST cavity, and a Gunn diode microwave source. Combustion analyses were performed
by Columbia Analytical Services, Inc. (Tucson, AZ USA).
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Caution! All isotopes of uranium are radioactive. The work described
herein utilized depleted uranium, which is composed primarily of 238U,
an α-emitter (t1/2 = 4.468×109 yr; 4.196 MeV) that also undergoes
spontaneous fission (t1/2 = 8.30×1015 yr; 4.149 MeV).85 Utmost care
must be exercised when planning, executing, and dismantling any
experiments that utilize uranium-containing materials. Experiments
must only be performed in a well-ventilated fume hood or in an
inert atmosphere glove box.86 The uranium-contaminated chemical
waste stream must be segregated from other waste streams and
must be disposed of through the MIT Radiation Protection Office
(http://web.mit.edu/environment/ehs/radiation.html).
Due to their potentially explosive nature, caution should be exercised
when manipulating azide salts and covalent azides such as [N(n-Bu)4][N3]
and [N(n-Bu)4][(C6F5)3B(N3)]. Care should also be exercised when
performing reactions with azide ions in dichloromethane, as this may lead
to the formation of diazidomethane, which is highly explosive.87–89 During
the course of our investigations, however, neither [N(n-Bu)4][N3] or [N(n-
Bu)4][(C6F5)3B(N3)] displayed any propensity to undergo explosive
decomposition during synthesis, isolation, or subsequent manipulations.
1.4.2 Synthesis of Na[(µ-N)(U(N[t-Bu]Ar)3)2] (Na[3])
A solution of 2 in THF (12 mL) was transferred onto solid NaN3. The mixture was allowed to
stir overnight, during which time the characteristic black-purple color of (THF)U(N[t-Bu]Ar)3 gave
way to an orange hue. After stirring for ca. 18 h, the mixture was filtered through a plug of Celite
and the volatile materials were removed under reduced pressure, leaving a rust-colored solid. Et2O
(4 mL) was added and subsequently removed under reduced pressure. The solids that remained
were slurried in n-pentane (3 mL). The slurry was cooled to −35 ◦C and the solids were isolated
by filtering the slurry through a medium porosity sintered glass frit. Washing the solids with cold
n-pentane (3 mL) followed by drying the solids under reduced pressure yielded Na[(µ-N)(U(N[t-
Bu]Ar)3)2] (Na[3]) as a rust-brown powder (0.442 g, 0.281 mmol, 70%). 1H NMR (500 MHz,
benzene-d6): δ = 27.5 (br s, o-ArH), 13.9 (br s, 3H, p-ArH), 7.10 (br s, 18H, m-ArCH3), −24.6
(br s, 27H, NC(CH3)3) ppm. Evans’s method (300 MHz, THF-d8): 3.22 µB. Anal. calcd. for
C72H108N7NaU2: C, 55.06; H, 6.93; N, 6.24%. Found: C, 55.37; H, 6.65; N, 5.77%.
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1.4.3 Synthesis of [N(n-Bu)4][(µ-N)(U(N[t-Bu]Ar)3)2] ([N(n-Bu)4][3])
A suspension of [N(n-Bu)4][N3] in thawing THF (4 mL) was added to a stirred solution of 2 in
thawing THF (6 mL). The mixture immediately changed color from purple-black to red-brown and
was allowed to stir for 15 min before volatile materials were removed under reduced pressure.
n-Hexane (4 mL) and Et2O (1 mL) were added and then removed under reduced pressure. The red-
brown oil that remained was dissolved in Et2O (1.5 mL). The resulting solution was filtered through
a plug of Celite. The filtrate was stored at −35 ◦C. Large red-brown crystals of [N(n-Bu)4][(µ-
N)(U(N[t-Bu]Ar)3)2] ([N(n-Bu)4][3]) formed on the bottom interior of the vial and were isolated by
decanting the mother liquor and drying the crystals under reduced pressure (0.395 g, 0.221 mmol,
79%). 1H NMR (500 MHz, THF-d8): δ = 37.9 (br s, o-ArH), 15.6 (br s, 3H, p-ArH), 9.89 (br s,
18H, m-ArCH3), 2.78 (t, 8H, CH2CH2CH2CH3), 1.18 (m, 8H, NCH2CH2CH2CH3), 0.90 (m, 8H,
CH2CH2CH2CH3), 0.53 (7, 12H, NCH2CH2CH2CH3),−24.6 (br s, 27H, NC(CH3)3) ppm. Evans’s
method (300 MHz, THF-d8): 3.23 µB. Anal. calcd. for C88H144N8U2: C, 59.04; H, 8.11; N, 6.26%.
Found: C, 58.99; H, 8.04; N, 6.30%.
1.4.4 Synthesis of (µ-N)(U(N[t-Bu]Ar)3)2 (3)
A solution of Na[3] in THF (8 mL) was added to a stirred solution of AgOTf in THF (2 mL). The
resulting mixture was allowed to stir 2 h before it was filtered through a plug of Celite. Following
removal of volatile materials under reduced pressure, the product mixture was extracted into n-
pentane (40 mL). The extract was filtered through a plug of Celite and volatile materials were
removed from the filtrate. The resulting brown solid was suspended in n-pentane (3 mL) and the
solids were isolated by filtering the slurry through a medium porosity sintered glass frit. Washing
the solids with cold n-pentane (3 mL), followed by drying the solids under reduced pressure yielded
(µ-N)(U(N[t-Bu]Ar)3)2 (3) as a brown powder (0.125 g, 0.081 mmol, 70%). Single crystals of
sufficient quality for X-ray diffraction were obtained by storing a solution of 3 in Et2O at −35 ◦C.
1H NMR (500 MHz, chloroform-d): δ = 7.10 (br s, 12H, o-ArH), 7.07 (s, 6H, p-ArH), 1.93 (s, 32H,
m-ArCH3), −3.35 (br s, 54H, NC(CH3)3) ppm. Evans’s method (500 MHz, chloroform-d): 3.85
µB. Anal. calcd. for C72H108N7U2: C, 55.87; H, 7.03; N, 6.33%. Found: C, 55.96; H, 6.88; N,
6.46%.
1.4.5 Synthesis of [(µ-N)(U(N[t-Bu]Ar)3)2][B(ArF)4] ([3][B(ArF)4])
A thawing solution of [Cp2Fe][B(ArF)4] (0.136 g, 0.130 mmol, 1 equiv) in Et2O (8 mL) was added
to a stirred solution of (µ-N)(U(N[t-Bu]Ar)3)2 (0.201 g, 0.130 mmol, 1 equiv) in thawing Et2O (8
mL). The mixture was allowed to warm to ambient temperature and stir for 45 min, during which
time a dark brown-black precipitate formed. THF (5 mL) was added to dissolve the precipitate
and the resulting mixture was filtered though a Celite-padded frit. Volatile materials were removed
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from the filtrate under reduced pressure, leaving behind a brown-black residue. Et2O (10 mL) was
added and the residue dislodged from the walls of the filter flask by use of a micro-spatula. Volatile
materials were again removed under reduced pressure. Addition of n-pentane (10 mL) created a
suspension of brown-black solids in a faintly orange supernatant solution. The suspended solids
were isolated by filtering the mixture through a medium porosity sintered glass frit. The solids
were washed with n-pentane (2 mL) and then dried under reduced pressure. The product, [(µ-
N)(U(N[t-Bu]Ar)3)2][B(ArF)4] ([3][B(ArF)4]), was thus isolated as a brown/black microcrystalline
solid (0.290 g, 0.120 mmol, 93%). Single crystals of sufficient quality for X-ray diffraction were
grown by liquid-liquid diffusion of n-pentane into a solution of [(µ-N)(U(N[t-Bu]Ar)3)2][B(ArF)4]
in THF at −35 ◦C. 1H NMR (500 MHz, chloroform-d): δ = 8.05 (s, 8H, o-ArFH), 7.66 (s,
4H, p-ArFH), 6.40 (s, 6H, p-ArH), 4.91 (s, 12H, o-ArH), 2.06 (s, 32H, m-ArCH3), −0.62 (br
s, 54H, NC(CH3)3) ppm. Evans’s method (300 MHz, chloroform-d): 2.86 µB. Anal. calcd for
C104H120N7BF24U2: C, 51.81; H, 5.02; N, 4.07%. Found: C, 52.00; H, 4.85; N, 3.82%.
1.4.6 Synthesis of (µ-η1,η1-NCN)(U(N[t-Bu]Ar)3)2 (8) via treatment of [(µ-N)(U(N[t-
Bu]Ar)3)2][B(ArF)4] with NaCN
A solution of [(µ-N)(U(N[t-Bu]Ar)3)2][B(ArF)4] (0.090 g, 0.037 mmol, 1 equiv) in THF (2.5 mL)
was added to a stirred suspension of NaCN (0.0025 g, 0.051 mol, 1.3 equiv) in THF (2 mL). The
mixture was allowed to stir for 16 h before being filtered through a plug of Celite. Volatile materials
were removed under reduced pressure, leaving behind a brown residue. n-Pentane (10 mL) was
added and resulting mixture was filtered through a plug of Celite. Volatile materials were removed
under reduced pressure. The remaining material was dissolved in n-pentane (1 mL), filtered through
a plug of Celite, and stored at −35 ◦C. The product (µ-η1,η1-NCN)(U(N[t-Bu]Ar)3)2 (8) was
obtained as brown crystals in two crops (0.035 g, 0.022 mmol, 60%). The spectroscopic features of
the isolated material matched those previously reported for 8. 1H NMR (300 MHz, benzene-d6): δ
= 11.16 (br s), 1.92 (s), −2.07 (s), −2.81 (br s), −7.09 (br s), −20.97 (br s) ppm. Note: the original
report of 3 contains an error in the reported 1H NMR spectroscopic shifts: the shift reported at
−1.927 ppm actually occurs at +1.92 ppm.
1.4.7 Treatment of [(µ-N)(U(N[t-Bu]Ar)3)2][B(ArF)4] with CO
A solution of [3][B(ArF)4] (0.040 g, 0.017 mmol, 1 equiv) in chloroform-d (0.75 mL) was
transferred to a NMR tube fitted with a sealable PTFE valve (J. Young style). The tube was sealed
and was then attached to a Schlenk line. The solution was freeze-pump-thaw degassed and the
evacuated headspace was then back-filled with CO (ca. 1 atm). The NMR tube was resealed and
1H NMR spectra were recorded ca. 30 min and ca. 12 h after addition of CO. The NMR spectra
indicated that no reaction had occurred. Storing the reaction mixture for 1 week under CO resulted
in a change in color to green-brown and abundant formation of free HN(t-Bu)Ar.
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1.4.8 Treatment of [(µ-N)(U(N[t-Bu]Ar)3)2][B(ArF)4] with Li[CCPh]
A solution of [3][B(ArF)4] (0.120 g, 0.050 mmol, 1 equiv) in Et2O (10 mL) was added to solid
Li[CCPh] (0.007 g, 0.065 mmol, 1.3 equiv). The resulting mixture was allowed to stir for ca. 12
h before being filtered through a plug of Celite. Volatile materials were removed from the filtrate
under reduced pressure. n-Pentane (10 mL) was added and then removed under reduced pressure,
leaving a brown residue. The residue was dissolved in chloroform-d, and the resulting solution was
filtered through a plug of Celite and transferred to an NMR tube for spectroscopic analysis. The 1H
NMR spectrum clearly revealed clean formation of neutral 3, indicating that reduction of [3]+ had
occurred. The fate of the associated oxidation product, presumably derived from phenylacetylide,
was not investigated.
1.4.9 Synthesis of (N3)U(N[t-Bu]Ar)3 (5)
An amber solution of 1 (0.360 g, 0.403 mmol, 1 equiv.) and 15-crown-5 (0.0300 g, 0.136 mmol,
0.33 equiv.) in THF (4 mL) was transferred onto solid NaN3 (0.0262 g, 0.403 mmol, 1 equiv.).
The resulting suspension was allowed to stir for 3 d, over which time the mixture became nearly
homogeneous, and lightened to a yellow hue. Volatile materials were removed under reduced
pressure, and the residue that remained was extracted with n-pentane (30 mL). The extract was
filtered through a Celite-padded frit and the extract was taken to dryness under reduced pressure,
yielding a yellow powder that was then dissolved in Et2O (10 mL). The resulting solution was
filtered through a plug of Celite and the filtrate was concentrated to 3 mL. The product (N3)U(N[t-
Bu]Ar)3(5) was obtained as yellow needles in four crops by storing this solution at −35 ◦C (0.206
g, 0.255 mmol, 63%). 1H NMR (300 MHz, benzene-d6): 18.40 (br s), 4.01 (br s), −0.71 (br s),
−3.92 (br s). FTIR (KBr cell, benzene): 2130 (m), 2114 (m), 2084 (s), 1586 (m, Ar breathing
mode). FTIR (KBr plates, Nujol mull): 2133 (br s), 1584 (m, Ar breathing mode). Anal. calcd. for
C36H54N6U: C, 53.45; H, 6.73; N, 10.39%. Found: C, 53.57; H, 6.43; N, 10.11%.
1.4.10 Thermolysis of (N3)U(N[t-Bu]Ar)3
A solution of 5 (0.0210 g, 0.026 mmol) in benzene-d6 (0.7 mL) was flame-sealed under static
vacuum in a standard (borosilicate) NMR tube. The sample was placed in an oil bath, and the 1H
NMR spectrum of the solution was monitored periodically over the course of 24 hours. Complex 5
was found to be stable between 75 ◦C and 95 ◦C over 3.75 h. Decomposition occurred above 95 ◦C
and free HN(t-Bu)Ar was the only product observed by 1H NMR spectroscopy.
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1.4.11 Photolysis of (N3)U(N[t-Bu]Ar)3
A solution of 5 (0.0365 g, 0.045 mmol) in benzene-d6 (0.7 mL) was flame-sealed under static
vacuum in a borosilicate glass NMR tube. The sample was irradiated in an ultraviolet photoreactor
and the 1H NMR spectrum of the solution was monitored periodically over the course of 24 hours.
Within two hours, spectral features characteristic of the known complex 3 were observed, as were
resonances associated with free HN(t-Bu)Ar. Over six hours, (N3)U(N[t-Bu]Ar)3 had still not been
totally consumed, but 3 was noted as the primary product being formed. Prolonged photolysis led
to the continued production of 3 as well a host of unassigned resonances that were assumed to be
decomposition products.
1.4.12 Treatment of (N3)U(N[t-Bu]Ar)3 with Sodium Amalgam
A yellow solution of 5 (0.136 g, 0.168 mmol, 1 equiv) in THF (2 mL) was added to sodium amalgam
(0.028 g Na, 1.2 mmol, 7.2 equiv, 2.77 g Hg) under THF (2 mL). The mixture was stirred vigorously
for 40 minutes, over which time color of the solution darkened to a deep orange-brown. The solution
was separated from excess sodium amalgam via filtration through a plug of Celite. Removal of
volatile materials under reduced pressure yielded an oily orange residue. To this residue was added
n-hexane (4 mL), which was promptly removed under reduced presure. Addition of n-pentane
(4 mL) created a suspension, and the n-pentane was promptly removed under reduced pressure.
A second portion of n-pentane was added, effecting formation of a suspension. The precipitate
collected on a medium-porosity sintered glass frit. The isolated precipitate was dried under dynamic
vacuum, yielding a rust-colored powder (0.0675 g, 0.043 mmol, 51%) that was identified as Na[3]
by 1H NMR spectroscopy.
1.4.13 Synthesis of [N(n-Bu)4][(C6F5)3B(N3)] ([N(n-Bu)4][9])
A solution of [N(n-Bu)4][N3] (0.555 g, 1.95 mmol, 1 equiv) in CH2Cl2 (5 mL) was added to a
stirred solution of B(C6F5)3 (0.998 g, 1.95 mmol, 1 equiv) in CH2Cl2 (8 mL). The mixture was
stirred for 1 h before volatile materials were removed from the reaction mixture under reduced
pressure, yielding a colorless resin. The addition of CH2Cl2 (2 mL), Et2O (2 mL), and n-pentane
(10 mL) resulted in formation of a white precipitate. The mixture was cooled in the glove box
cold well which was bathed in liquid nitrogen to induce further precipitation. The product [N(n-
Bu)4][(C6F5)3B(N3)] ([N(n-Bu)4][9]) was isolated on a medium porosity sintered glass frit, was
washed with n-pentane, and was finally dried under reduced pressure (1.350 g, 1.695 mmol,
87%). 1H NMR (300.1 MHz, chloroform-d): δ = 3.01 (m, 8H, NCH2CH2CH2CH3), 1.59 (tt, 8H,
NCH2CH2CH2CH3), 1.35 (dt, 8H, NCH2CH2CH2CH3), 0.97 (t, 12H, NCH2CH2CH2CH3) ppm.
13C{1H} NMR (126 MHz, benzene-d6): δ = 148.29 (m, o-C6F5, 1JCF = 240.9 Hz), 138.99 (m,
m-C6F5, 1JCF = 253.9 Hz), 136.82 (m, p-C6F5, 1JCF = 228.1 Hz, p-C6F5), 121.28 (br s, ipso-C6F5),
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58.83 (s, NCH2CH2CH2CH3), 23.81 (s, NCH2CH2CH2CH3), 19.67 (s, NCH2CH2CH2CH3), 13.44
(s, NCH2CH2CH2CH3) ppm. 19F NMR (chloroform-d, 282 MHz): δ = −135.30 (m, 6F, o-F),
−161.77 (t, 3JFF = 20.8 Hz, 3F, p-F), −166.75 (m, 6F, m-F) ppm. FTIR (thin film): ν = 2117 (N3,
νasym) cm−1. Anal. calcd for C34H36N4BF15: C, 51.27; H, 4.56; N, 7.03%; found: C, 51.34; H,
4.61; N, 6.96%.
1.4.14 Synthesis of [N(n-Bu)4][(C6F5)3BNU(N[t-Bu]Ar)3] ([N(n-Bu)4][10])
A thawing solution of 2 (0.236 g, 0.281 mmol, 1 equiv) in Et2O (6 mL) was added to a stirred,
thawing solution of [N(n-Bu)4][B(N3))(C6F5)3] (0.214 g, 0.270 mmol, 1 equiv) in Et2O (3 mL).
The mixture immediately assumed a deep brown color and was allowed to stir for 2 h before it
was filtered through a plug of Celite. Removal of volatile materials from the filtrate under reduced
pressure yielded a brown residue. Addition of Et2O (3 mL), n-pentane (5 mL) and n-hexane (5
mL) created a suspension, which was concentrated under reduced pressure to a volume of ca. 3
mL. The solid, brown product [N(n-Bu)4][(C6F5)3BNU(N[t-Bu]Ar)3] ([N(n-Bu)4][3]) was isolated
by filtering the suspension through a medium porosity sintered glass frit, followed by washing the
isolated precipitate with cold n-pentane (5 mL) and drying the washed precipitate under reduced
pressure (0.340 g, 0.215 mmol, 80%). 1H NMR (500 MHz, chloroform-d): δ = 17.44 (br s,
∆ν 1
2
≈ 587 Hz, 6H, o-ArH), 8.79 (br s, ∆ν 1
2
= 25 Hz, 3H, p-ArH), 4.47 (br s, ∆ν 1
2
= 36 Hz,
18H, ArCH3), 3.90 (br s, ∆ν 1
2
= 35 Hz, 8H, NCH2CH2CH2CH3), 2.28 (br s, ∆ν 12 = 38 Hz, 8H,
NCH2CH2CH2CH3), 2.01 (br s, ∆ν 12 = 30 Hz, 8H, NCH2CH2CH2CH3), 1.40 (br s, ∆ν 12 = 20 Hz,
12H, NCH2CH2CH2CH3), −17.27 (br s, ∆ν 12 ≈ 428 Hz, 27H, NC(CH3)3) ppm. Evans’s method
(300 MHz, chloroform-d): 1.98 µB. No EPR spectroscopic signal was observed for a solution of
[N(n-Bu)4][(C6F5)3BNU(N[t-Bu]Ar)3] in toluene over the temperature range of 5–298 K. Anal.
calcd. for C70H90N5BF15U: C, 54.76; H, 5.91; N, 4.56%; found: C, 53.22; H, 5.93; N, 4.78%.
1.4.15 Synthesis of (C6F5)3BNU(N[t-Bu]Ar)3 (10)
Method A: From [N(n-Bu)4][9] and I2. From a stock solution of I2 (0.0266% in Et2O), an aliquot
(1.000 g, 0.105 mmol, 0.5 equiv) was removed and diluted with Et2O to a final volume of 3 mL and
frozen in a cold well bathed in liquid nitrogen. The solution of I2 was allowed to partialy thaw and
was then added dropwise to a thawing, stirred solution of [N(n-Bu)4][10] (0.330 g, 0.209 mmol,
1 equiv) in Et2O (7 mL). The mixture was allowed to stir for 1 h, over which time the solution
warmed to ambient temperature. The mixture was filtered through a plug of Celite and volatile
materials were removed under reduced pressure from the resulting filtrate, yielding a brown solid.
The solid was dissolved in Et2O (8 mL) and the resulting solution was filtered through a plug of
Celite. The filtrate was concentrated to ca. 2 mL, at which point a brown suspension of the product
(C6F5)3BNU(N[t-Bu]Ar)3 (10) had formed. Addition of n-pentane (6 mL) and further concentrating
the mixture under reduced pressure assisted further precipitation of the solid, which was isolated by
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filtering the suspension through a medium porosity sintered glass frit, washing the isolated solid
with cold n-pentane (3 mL), and drying the solid under reduced pressure (0.221 g, 0.171 mmol,
82%). Method B: From [N(n-Bu)4][10] and AgOTf. A thawing solution of AgOTf (0.038 g, 0.148
mmol, 1.2 equiv) in THF (2.5 mL) was added dropwise to a thawing, stirred solution of [N(n-
Bu)4][10] (0.196 g, 0.128 mmol, 1 equiv) in THF (5 mL). The mixture was allowed to stir while
warming to ambient temperature over 1 h, during which time Ag0 precipitated from the solution.
The mixture was filtered through a plug of Celite and the filtrate was dried under reduced pressure.
n-Hexane (5 mL) was added to the resulting residue and was then subsequently removed under
reduced pressure. The remaining brown solids were dissolved in Et2O (4 mL) and the resulting
solution was filtered through a plug of Celite. Storing the solution overnight at −35 ◦C resulted in
the formation of colorless needles (presumably [N(n-Bu)4][OTf]). The mother liquor was removed
from the needles and concentrated under reduced pressure to ca. 2.5 mL. Brown microcrystals of
(C6F5)3BNU(N[t-Bu]Ar)3 (10) formed upon storing the mother liquor over night at −35 ◦C and
were isolated by decanting the mother liquor and drying the crystals under vacuum (0.100 g, 0.077
mmol, 60%) 1H NMR (500 MHz, cloroform-d): δ = 6.49 (s, 3H, p-ArH), 5.23 (s, 6H, o-ArH), 2.22
(s, 18H, Ar(CH3)2), 1.73 (s, 27H, C(CH3)3) ppm. 13C{1H} NMR (125.8 MHz, chloroform-d):
δ = 161.6 (br s, ipso-C6F5), 147.08 (m, C6F5), 143.27 (s, Ar), 139.45 (s, Ar), 139.24 (m, C6F5),
138.79 (m, C6F5), 131.89 (s, Ar), 125.68 (s, Ar), 56.51 (s, NC(CH3)3, 42.19 (s, Ar(CH3)2), 22.70
(s, NC(CH3)3) ppm. 19F NMR (470.6 MHz, chloroform-d): δ = 132.14 (d, 3JFF = 21.2 Hz, 6F, o-F),
159.89 (t, 3JFF = 20.2 Hz, 3F, p-F), 164.53 (m, 6F, m-F) ppm. Anal. calcd. for C54H54N4BF15U: C,
50.17; H, 4.21; N, 4.33; found: C, 49.74; H, 4.52; N, 4.20.
1.5 COMPUTATIONAL DETAILS
1.5.1 General Considerations
All calculations were performed using the ADF release 2008.01 program suite.90 In all cases the
relativistic ZORA option was employed. ZORA basis sets of triple zeta quality with two added
polarization functions (TZ2P) in conjunction with large frozen core approximations were used for
all atoms. Geometry optimizations were carried out and energy differences determined using the
local density approximation of Vosko, Wilk, and Nusair (LDA VWN)91 together with the nonlocal
gradient corrections of Becke and Perdew (GGA BP86)92 for exchange and correlation respectively.
Except in the case of 7, no molecular symmetry constraints were applied to the model systems.
The geometry optimization procedure was based on the method of Versluis and Ziegler.93 Bond
multiplicity values were calculated as implemented in ADF 2007.01.
Optimized atomic coordinates for the models presented in this chapter may be obtained from
the electronic supporting information documents associated with the original publications.
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1.6 CRYSTALLOGRAPHIC DETAILS
1.6.1 General Considerations
Low-temperature diffraction data were collected on a Siemens Platform three-circle diffractometer
coupled to a Bruker-AXS Smart Apex charge-coupled device (CCD) and a graphite-monochromated
Mo Kα radiation beam (0.71073 A˚). Diffraction data were collected by performing φ- and ω-scans.
All software used for diffraction data processing and crystal structure solution and refinement
are contained in the SAINT+ (v6.45) and SHELXTL (v6.14) program suites.94–97 The structures
were solved by either direct methods or Patterson methods, in conjunction with standard Fourier
difference techniques, and refined on F2 by full-matrix least-squares procedures. A semi-empirical
absorption correction was applied to the diffraction data for all structures. All non-hydrogen
atoms were refined anisotropically; all hydrogen atoms were placed at calculated positions refined
isotropically using a riding model. The isotropic displacement parameters of all hydrogen atoms
were fixed to 1.2 times the Ueq value of the atoms they are linked to (1.5 times for methyl groups).
In structures where disorders were present, the disorders were refined within SHELXL with the help
of rigid bond restraints as well as similarity restraints on the anisotropic displacement parameters for
neighboring atoms and on 1,2- and 1,3-distances throughout the disordered components.98,99 The
relative occupancies of disordered components were allowed to refine freely. Thermal ellipsoid
plots were generated using the program PLATON.100 Complete crystallographic data for the
structurally characterized complexes presented in this chapter are available on the Reciprocal Net
(http://www.reciprocalnet.org/).101 Summaries of crystallographic data for the structurally
characterized complexes presented in this chapter are given in Tables
The procedures for handling samples in a typical X-ray diffraction experiment were as follows:
inside the glove box, crystals were removed from the mother liquor, then placed on a microscope
slide and covered in a heavy hydrocarbon oil. The slide was removed from the glove box and placed
within the optical field of a stereomicroscope. A suitable crystal was then selected and mounted on a
glass fiber, nylon loop, or Kapton loop. The fiber or loop was then mounted on the goniometer under
a flow of cold nitrogen gas. The crystal was centered in the X-ray beam and the crystal dimensions
were recorded. A frame exposure duration that maximized the observed signal-to-noise ratio was
selected and data collection was initiated.
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2.1 INTRODUCTION
Actinoids such as uranium present several challenges to controlling reactivity through ligand design
due to their unique position in the periodic table.1 These challenges include relatively large ionic
radii and the availability of both d- and f -orbitals to participate in metal–ligand bonding interactions.
In the case of uranium, the ionic radii span a wide range (1.03 A˚ (U3+) – 0.73 A˚ (U6+), for
coordination number of 6), while coordination numbers range from 3 to at least 9.2,3 Controlling
the coordination sphere of uranium across multiple oxidation states while minimizing structural
reorganization may be effected by enforcing steric constraints about the metal center and by
managing the degree of coordinative saturation provided by the ancillary ligands.4–7
Amides are a widely explored ancillary ligand class that has been applied to uranium chemistry
with great success.8 Uranium amides have been useful for demonstrating novel stoichiometric
reactions, and several applications to catalysis have been demonstrated.9–11 The Cummins research
group has pursued low-coordinate uranium complexes supported by N-alkylanilide ligands of the
form –N[R]Ar (R = t-Bu, C(CD3)2CH3, 1-adamantyl), bulky monodentate ligands that have assisted
in stabilizing the first structurally characterized example of a uranium–silicon single bond, mono-
and bimetallic uranium mononitride complexes (Chapter 1), as well as examples of η6-arene
coordination and cooperative reduction of dinitrogen.12–16
With the goal of expanding uranium–anilide chemistry to include bifunctional ancillary ligands,
this chapter presents several uranium-containing complexes featuring a new bidentate anilide ligand.
This new ligand motif is shown to be capable of supporting both homoleptic and heteroleptic
uranium(III), uranium(IV), and uranium(V) derivatives, including a uranium(V) terminal oxo
complex. Crystallographic evidence is presented which suggests that this new ligand variant has
properties that can render a central uranium ion sterically well-protected, and the applicability of
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uranium complexes supported by these ligands to the stabilization of uranium–azide and uranium–
nitride derivatives is discussed.
2.2 RESULTS AND DISCUSSION
2.2.1 Synthesis of Bidentate Anilide Ligand Precursors
Informed by the synthesis of the bimetallic µ-nitride anion Na[(µ-N)(U(N[t-Bu]Ar)3)2] (Na[3]) from
the monometallic uranium(III) complex (THF)U(N[t-Bu]Ar)3 (2) and NaN3 discussed in Section
1.4.2, we were inspired to develop a bidentate anilide ligand that provides access to a six-coordinate
uranium(III) derivative. We envisioned that such a system, given the proper conditions and steric
loading, would allow for novel reaction chemistry incorporating the reducing nature of uranium(III)
and a limited ability to significantly expand the coordination sphere about the uranium center.
Appending a simple dialkylamino residue at the 2-position of the aryl group in an N-alkylanilide
would provide a monoanionic bidentate ligand suitable for achieving this goal. Accordingly, we
prepared the ligand precursors HN(R)ArMeL, HN(Np)ArMeL, and their alkali metal salts in good
yields via modifications of literature procedures (Scheme 2.1).17–19
To briefly summarize the procedures, zinc reduction of 2-nitro-N,N-dimethyl-p-toluidine
provided the primary aniline H2NArMeL in 70% yield. Condensation of H2NArMeL with
excess Zn
NaOH, EtOH
Δ
+ (CD3)2CO
mol. sieves
1.  excess MeLi
2.  H2O
+ 1.2 n-BuLi
Et2O/hexanes
NMe2
NO2
NMe2
NH2
NMe2
NH
O
t-Bu
NMe2
NH
Np
NMe2
N
D3C
CD3
NMe2
NH
R
N
N
R
Li(OEt2)
Me
Me
N
N
R
K
Me
Me
N
N
Np
K
Me
Me
1.1 KH
THF
1.1 KH
THF
89%
85%
86%
91%
70%
+ t-BuC(O)Cl, NEt3, Et2O
+ Li[AlH4]
THF
Δ
89%
91%
Scheme 2.1. Synthesis of the bidentate anilide precursors.
73
UI3(THF)x
+ 2 (Et2O)Li(N[R ]ArMeL)
x = 4
– 4 THF
– LiI
+ 3 K(N[R ]ArMeL)
x = 0
– KI
N
U
NMe2
N
NN
R
R
R
Me2
Me2N
I
U
I
NMe2
NN
R
Li
R
Me2N
OEt2Et2O
Li[11]
60%
12
70%
Scheme 2.2. Synthesis of the uranium(III) bis(anilide) salt Li[11] and the uranium(III) tris(anilide)
complex 12.
acetone-d6 gave the hexadeuterated imine (CD3)2CNArMeL in 86% yield. Treatment of
(CD3)2CNArMeLwith MeLi in Et2O followed by an aqueous workup led to the isolation of the
secondary aniline HN[R]ArMeL in 91% yield. Finally, treatment of HN[R]ArMeL with n-BuLi
provided (Et2O)Li(N[R]ArMeL) in 89% yield, while treatment of HN[R]ArMeL with KH provided
KN[R]ArMeL in 92% yield, both salts being obtained as white powders following standard workup.
To synthesize the neopentyl-substituted aniline and its potassium salt, H2NArMeLwas treated with
trimethylacetyl chloride in the presence of triethylamine to give t-BuC(O)NHArMeL in 89% yield.
Reduction of t-BuC(O)NHArMeL with Li[AlH4] provided the free secondary aniline H(Np)NArMeL
in 85% yield. Finally, treatment of H(Np)NArMeLwith KH provided K(N[Np]ArMeL) in 89% yield.
2.2.2 Synthesis of Uranium(III) and Uranium(IV) Complexes Bearing the –N[R]ArMeL
Ligand
The number of –N[R]ArMeL ligands readily appended to a uranium(III) center through simple salt
elimination reactions was found to be dependent upon the counter-cation employed in the ligand
precursor. This substitutional selectivity allowed access both bis(anilide) and tris(anilide) systems
(Scheme 2.2).
Treatment of UI3(THF)4 with (Et2O)Li(N[R]ArMeL) (2 equiv) in toluene resulted in formation
of uranium(III) salt [(Et2O)xLi][I2U(N[R]ArMeL)2] (Li[11]) as a dark purple powder in 60% yield
following separation from LiI and precipitation of the product from solution.§ The 1H NMR
spectrum of Li[11] in benzene-d6 consists of seven broad singlets found in a range spanning from
+53 to −59 ppm, while the 2H NMR spectrum contains one broad feature at +53 ppm. Noting
that the two N-methyl groups in each –N[R]ArMeL ligand in [11]− are inequivalent, the number of
observed NMR features suggests that [11]− maintains C2 or Cs symmetry in solution on the NMR
timescale.
§The protocol for the synthesis and isolation of Li[11] results in a variable and non-stoichiometric amount of Et2O
binding to the lithium ion, a consequence of drying the isolated material under dynamic vacuum. The amount of Et2O that
remains bound to the lithium ion after drying the isolated material has not been rigorously quantified, but it is assumed to
be a small fraction of the total molecular weight and it is disregarded in subsequent calculations using Li[11].
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Figure 2.1. Variable temperature 2H NMR spectrum (76.8 MHz, benzene) of 12.
The reaction of solvate-free UI3 with K(N[R]ArMeL) (3 equiv) in thawing THF provided
U(N[R]ArMeL)3 (12) in 70% yield following separation from KI and crystallization from Et2O.
The 1H NMR spectrum of 12 in benzene-d6 was found to be quite complex and indicative of more
than one ligand environment present in solution, but its variable temperature 2H NMR spectrum was
very informative (Figure 2.1). At 20 ◦C, the 2H NMR spectrum of 12 in benzene consists of three
broad peaks at +23.6,−9.0, and−25.0 ppm, with the latter two peaks integrating in an approximate
1:2 ratio. At 40 ◦C, all three features are significantly broadened, and by 60 ◦C they have coalesced
into one broad resonance centered at +4.7 ppm. This behavior suggests that in solution at 20 ◦C,
12 exists in an equilibrium between two separate isomers: a C3-symmetric species that gives rise
to a single peak at +23.6 ppm, and a Cs-symmetric species that accounts for the two features at
−9.0, and −25.0 ppm. Raising the temperature of the system leads to more rapid interconversion
of these two isomers relative to the NMR timescale, which is reflected by the observed coalescence
phenomenon.
Both Li[11] and 12 were found to be readily oxidized by 1e to their corresponding uranium(IV)
derivatives (Figure 2.3). Treatment of Li[11] with I2 (0.5 equiv) in Et2O led to precipitation of
the neutral uranium(IV) complex I2U(N[R]ArMeL)2 (11) as a bright red-orange powder that was
isolated in 89% yield by filtration. The 1H NMR spectrum of 11 in chloroform-d contains one
set of seven well-resolved singlets ranging from +76.7 to −53.6 ppm, corresponding to a single
–N[R]ArMeL ligand environment, while the 2H NMR spectrum of 11 displays one peak at +76.7
ppm. Treatment of 2 with AgOTf (OTf = CF3SO3) in THF at−35 ◦C provided the uranium(IV) salt
[U(N[R]ArMeL)3][OTf] ([12][OTf]) in 82% yield following separation from Ag0 and subsequent
standard workup. As with 11, the 1H NMR spectrum of [12][OTf] in chloroform-d consists of
one set of seven singlets, indicative of a single ligand environment, however these spectroscopic
features span a much smaller range (+7.76 to −0.87 ppm); the 2H NMR spectrum of [12][OTf] in
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Scheme 2.3. Oxidative synthesis of the uranium(IV) bis(anilide) complex 11 and the uranium(IV)
tris(anilide) salt [12][OTf].
chloroform consists of a single broad resonance at −0.35 ppm. One structural feature that is not
conveyed by the NMR spectra of [12][OTf] is the disposition of the triflate anion, whether it resides
in the inner or outer coordination sphere of the uranium ion.
2.2.3 X-ray Structural Features of Complexes Bearing the –N[R]ArMeL Ligand
Single-crystal X-ray diffraction methods were employed to further understand the coordination
mode adopted by the –N[R]ArMeL ligand. Storing a solution of Li[11] in an Et2O/THF mixture
at −35 ◦C provided crystals of (Et2O)(THF)Li(µ-I)2U(N[R]ArMeL)2 ((Et2O)(THF)Li[11]), while
crystals of 11, 12, and [12][OTf] were readily obtained by standard crystallization methods. The
structural models obtained from the crystallographic investigations are presented in Figure 2.2;
selected average interatomic distances are compiled in Table 2.1. In all four cases, the uranium
centers are nominally six-coordinate, and the –N[R]ArMeLligands assume the expected bidentate
coordination mode. The U–Nanilide distances fall in a range that is consistent with those observed in
other reported uranium–anilide complexes,12–16,20 and the U–Namino distances are typical as well.21
One noteworthy feature of all four structures is the interaction between the uranium center and the
pi-systems of the anilide aryl backbones. One structural parameter that may be used to illustrate
this interaction is the envelope angle (φenvelope), defined as the obtuse dihedral angle created by
uranium center projecting out of the co-planar ligand-based N–C–C–N array.22 The average values
of φenvelope in (Et2O)(THF)Li[11] and 11 differ by less than one degree, while φenvelope in 12
and [12][OTf] differ by over 20◦. This dramatic difference may be viewed as a consequence
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Table 2.1. Averaged key interatomic distances (A˚) and envelope angles (deg)
in uranium complexes featuring the –N[R]ArMeL ligand.
Molecule U–Nanilide U–Namino U–I U–Cpi φenvelope
(Et2O)(THF)Li[11] 2.368 2.667 3.213 3.108 124.76
11 2.227 2.594 3.0976 2.970 123.13
12 2.467 2.752 -- 3.292 135.21
[12][OTf] 2.242 2.723 -- 2.919 115.02
of charge separation in [12][OTf], where the uranium center draws the aryl residues nearer in
response to the formal positive charge. In all cases, the shortest U–Cpi distances fall in a range
common for the interaction between a uranium ion and a neutral arene fragment.23 These U–Cpi
contacts are frequently observed in uranium anilide complexes, and are representative of fairly weak
intramolecular interactions that nonetheless assist in stabilizing the central ion.
Both (Et2O)(THF)Li[11] and 11 exhibit highly distorted octahedral coordination about the
central uranium ion, with the iodide ligands occupying cis-equatorial sites. The uranium centers
in (Et2O)(THF)Li[11] and 11 may alternatively be viewed as pseudo-tetrahedrally coordinated by
N1, N2, I1, and I2, with the amino nitrogens N11 and N21 acting as additional capping ligands.
The U–I distances in (Et2O)(THF)Li[11] and 11 are typical,21 and the ca. 0.13 A˚ decrease in the
average U–I distance on going from (Et2O)(THF)Li[11] to 11 tracks well with difference in ionic
radii between U3+ and U4+ (0.14 A˚). Indeed, very little structural reorganization is observed upon
proceeding from (Et2O)(THF)Li[11] to 11.
The primary coordination sphere in 12 is best described as a distorted trigonal anti-prism, with
one trigonal plane comprising the anilide nitrogens and the other comprising the amino nitrogens.
The primary coordination sphere in [12][OTf] is closer to trigonal prismatic, with the the trigonal
planes defined as in 12. Of note is the fact that the triflate anion in [12][OTf] does not coordinate to
the uranium center. Visualizing a space-filling model of the [12]+ ion provides insight into why the
triflate ion in [12][OTf] is relegated to the outer coordination sphere (Figure 2.3). The uranium
center in [12]+ is fully encapsulated in a hydrocarbyl sheath created by the three –N[R]ArMeL
ligands. In particular, the R and NMe2 residues interdigitate, and in doing so block off what might
otherwise be accessible avenues for ligand coordination. Neutral 12 displays a similar degree of
steric encumbrance at the uranium center, suggesting that it may prove challenging to utilize 12 for
reaction chemistry based on inner-sphere redox activity. Notably, 12 displays no reactivity towards
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Figure 2.2. ORTEP renderings of (Et2O)(THF)Li[11] (top-left), 11 (bottom-left), 12 (top-right),
and [12][OTf] (bottom-right). Ellipsoids are displayed at 50% probability; hydrogen atoms and co-
crystallized solvent molecules have been omitted for clarity.
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Figure 2.3. Two space-filling representations of [12]+ (C, black; H, white; N, blue; U, red): left, viewed
looking down at the plane defined by N1, N2, and N3; right, viewed looking down at the plane defined
by N11, N21, and N31.
NaN3, P4, or pyridine-N-oxide, small molecule substrates with which the sterically less encumbered
uranium(III) complex 2 readily reacts.14,24,25
2.2.4 Synthesis of a Homoleptic Uranium(III) Complex Bearing the –N[Np]ArMeL
Ligand
The steric constraints imparted by the –N[R]ArMeL ligands in 12 appear to be too great to allow
for inner-sphere coordination of an additional ligand. To circumvent this issue, the uranium(III)
tris(anilide) complex U(N[Np]ArMeL)3 (13) was prepared. Complex 13 may be viewed as simply
an analog of 12 in which the hexadeutero-tert-butyl groups have been replaced by the sterically more
accomodating neopentyl residues. Addition of UI3(THF)4 to a stirred solution of K(N[Np]ArMeL)
(3 equiv) in a thawing Et2O/THF mixture led to the isolation of 13 in 55% yield following a standard
workup and crystallization from Et2O/n-pentane (Scheme 2.4). As with 12, the 1H NMR spectrum
of 13 is complex across a temperature range of 20–60 ◦C and suggests the presence of multiple
isomers in solution (Figure 2.4). The lack of a deuterium spectroscopic handle in 13 precluded a
more detailed assessment by 2H NMR spectroscopy of any isomerization equilibria that may be
taking place in solution.
2.2.5 X-ray Structural Features of U(N[Np]ArMeL)3
The solid-state structure of 13 was determined via an X-ray diffraction experiment using a single
crystal of 13 grown from Et2O at −35 ◦C (Figure 2.5). Complex 13 crystallizes in the trigonal
space group P3c1 with one-third of the molecule contained within the asymmetric unit. The
crystallographic three-fold axis of rotation generates the whole molecule, imparting rigorous C3
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Figure 2.4. Variable temperature 1H NMR spectrum (76.8 MHz, benzene-d6) of 13.
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Figure 2.5. ORTEP rendering of 13. Thermal ellipsoids are presented at 50% probability; hydrogen
atoms have been omitted for clarity.
point symmetry. The U–Nanilide and U–Namino distances are 2.383(3) A˚ and 2.687(3) A˚ respectively,
while the average U–Cpi distance is 3.072 A˚ and the average φenvelope angle is 131.66◦. These U–
Nanilide and U–Namino distances are ca. 0.1 A˚ shorter than the corresponding distances in 12, which
may be a consequence of the relaxed steric profile of the –N[Np]ArMeL ligand.
2.2.6 A Uranium(V) Terminal Oxo Complex Featuring the –N[Np]ArMeL Ligand
In contrast to the more sterically encumbered 12, complex 13 was found to react with pyridine-
N-oxide, generating the uranium(V) terminal oxo complex OU(N[Np]ArMeL)3 (14) which was
isolated as a dark purple powder in 74% yield following separation from the pyridine co-product
and precipitation from solution (Scheme 2.5). The 1H NMR spectrum of 14 reveals a single
–N[Np]ArMeL ligand environment and suggests that 14 possesses a C3v-symmetric structure in
solution. A C3v-symmetric structure for 14 stands in contrast to the C3-symmetric structures of
12, [12]+, and 13.
N
U
NMe2
N
N
N
N
Np
Np
Np
U
Me2N
Me2N
N
N
NMe2
N
O
Np Np
Np
Me2
14
74%
13
+ py–O
toluene
–93 to 23 ˚C
– py
Scheme 2.5. Synthesis of 14
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Figure 2.6. Top, ORTEP rendering of 14. Thermal ellipsoids are presented at 50% probability; hydrogen
atoms and co-crystallized solvent molecules have been omitted for clarity. Bottom: two space-filling
representations (C, black; H, white; N, blue; U, red; O, magenta); left, viewed looking down at the plane
defined by N1, N2, and N3; right, viewed looking down at the plane defined by N11, N21, and N31.
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The terminal disposition of the oxo ligand was confirmed by an X-ray diffraction experiment
using single crystals of 14 grown from Et2O at −35 ◦C (Figure 2.6). The terminal oxo ligand
resides in a steric pocket created by the three co-facial NMe2 residues. That the uranium tris(anilide)
platform based on the –N[Np]ArMeL ligand stabilizes a multiply-bonded terminal monatomic ligand
at uranium contrasts the characteristics of the uranium tris(N-tert-butylanilide) system, from which
to date no complexes containing a multiply-bonded terminal monatomic ligand have been isolated.
Structurally characterized complexes featuring uranium–oxygen multiple bonds are ubiquitous in
the form of the uranyl (UO2+2 ) derivatives. Uranium–monoxide complexes are known as well, and
include examples such as the mixed oxo/imido and oxo/aryloxide complexes Cp∗2U(O)(EAr
′) (E =
O, N; Ar′ = bulky alkylated aryl group) reported by Burns and co-workers,26,27 the mixed oxo/imido
complexes trans-U(N-t-Bu)(O)(I)2L2 (L = THF; OPPh3) of Boncella and co-workers, and a silylated
uranyl complex supported by a tetra-anionic pyrrole-based macrocycle reported recently by Arnold
and co-workers.7 In general, though, uranium–monoxide complexes are rare and are not often found
where the oxo ligand is the only fragment engaged in a uranium–ligand multiple bond. The U1–
O1 distance of 1.857(3) is slightly longer (ca. 0.02–0.04 A˚) than the uranium–oxo distances in
the Cp∗2U(O)(EAr
′) series and the uranyl analogs trans-U(N-t-Bu)(O)(I)2L2, and is longer by a
similar amount as compared to the uranium–oxo distances in pentavalent uranyl derivatives.28 The
U–Nanilide distances (avg. 2.374(4) A˚) and the U–Namino distances (avg. 2.668(4) A˚) are similar to
those found in the structurally characterized complexes containing the –N[R]ArMeL ligand.
2.2.7 The Reaction of NaN3 with U(N[Np]ArMeL)3
Encouraged by the isolation of the terminal oxo complex 14, the reactivity of 13 towards azide
anion was explored (Scheme 2.6). A stirred mixture of 13 and NaN3 (1 equiv) in THF showed
no change in color over 24 h, but over 72 h the color of the mixture changed to dark brown-
green. A small amount of dark crystalline material formed subsequent to filtering the mixture
through Celite, concentrating the filtrate under reduced pressure, and storing the resulting mixture
at −35 ◦C (Scheme 2.6). An X-ray diffraction experiment performed with a single crystal
isolated from this mixture provided the strutcure of the bimetallic uranium(III/III) azido “-ate”
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Scheme 2.6. The reaction of 13 with NaN3 leading to the isolation of [Na(THF)6][15]
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Figure 2.7. ORTEP rendering of [Na(THF)6][15]. Thermal ellipsoids presented at 50% probabililty;
hydrogen atoms have been omitted for clarity.
complex [Na(THF)6][(µ,η1:η1-N3)(U(N[Np]ArMeL)3)2] ([Na(THF)6][15]; Figure ). Crystallizing
as a spatially separated ion pair in the hexagonal space group R3, the bimetallic anion [15]− has
rigorous S6 point symmetry. Efforts are currently underway to determine whether [Na(THF)6][15]
represents the bulk of the reaction mixture.
This isolation of [Na(THF)6][15] indicates that moving from the hexadeutero-tert-butylanilide-
supported 12 to the neopentyl-substituted 13 has sufficiently relaxed the steric constraints about
the uranium center so as to allow for azide coordination. Despite this, the facile extrusion
of N2 and formation of a uranium nitride complex does not occur, suggesting that either the
steric profile of a tris(N[Np]ArMeL)uranium platform prohibits the metal center from accessing an
eight-coordinate metallacyclic intermediate that would lead to a bimetallic µ-nitride complex, or
formation of a monometallic uranium(V) nitride anion Na[NU(N[Np]ArMeL)3] from 13 and NaN3
is thermodynamically disfavored (Section 1.2.1).
2.3 CONCLUSIONS
Herein, three new uranium anilide systems have been described, a bis(anilide)uranium and a
tris(anilide)uranium platform supported by the bidentate ligand –N[R]ArMeL, and a tris(anilide)-
uranium platform supported by the bidentate ligand –N[Np]ArMeL. X-ray diffraction experiments
confirm the bidentate nature of the –N[R]ArMeL and –N[Np]ArMeL ligands. The tris(N[R]ArMeL)-
supported uranium(III) derivative 12 reveals a central uranium ion that is subject to a high degree
of steric congestion. Consequently, 12 fails to react with reagents such as NaN3, P4, and pyridine-
N-oxide, and forms the ion-separated salt [13][OTf] upon oxidation with AgOTf. In contrast, the
tris(N[Np]ArMeL)-supported complex 13 was found to react with pyridine-N-oxide, forming the
seven-coordinate uranium(V) terminal oxo complex 14. Treatment of 13 with NaN3 led to the
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isolation of the bimetallic uranium(III/III) “-ate” complex [Na(THF)6][15], illustrating the contrasts
in reactivity of 13 as compared to the N-tert-butylanilide supported uranium(III) complex 2.
The synthesis of chelating ligands of the form –N[R]ArMeL is modular with respect to varying
the alkyl and amino substituents, offering fine control over the steric profile of anilide-supported
uranium complexes. This feature may prove especially useful in the design of new bidentate anilide
ligands that provide access to the higher coordination numbers that may be necessary for accessing
a uranium terminal nitride complex.
2.4 EXPERIMENTAL DETAILS
2.4.1 General Considerations
All manipulations were carried out at room temperature (23 ◦C) under an atmosphere of purified
dinitrogen in a Vacuum Atmospheres MO-40M glove box or with a vacuum manifold using
standard Schlenk techniques, unless otherwise stated. Celite 545 (EM Science) and 4 A˚ molecular
sieves were dried via storage in a 225 ◦C oven for 24 h followed by complete desiccation under
dynamic vacuum at 210 ◦C for 48 h prior to use. Solvents were purified using a commercial
Glass Contour solvent purification system constructed by SG Water USA (Nashua, NH USA),
and were stored over activated 4 A˚ molecular sieves prior to use. Chloroform-d, benzene-
d6, and acetone-d6 were obtained from Cambridge Isotope Laboratories, Inc. (Andover, MA
USA); chloroform-d and benzene-d6 were vacuum distilled from CaH2, degassed with two freeze-
pump-thaw cycles, and stored over activated 4 A˚ molecular sieves prior to use. UI3(THF)4
and UI3 were prepared according to published procedures.29,30 2-Nitro-N,N-dimethyl-p-toluidine
was prepared by nitration of N,N-dimethyl-p-toluidine with NaNO2 and Ce(SO4)4 according to
published methods.31 2-Dimethylamino-5-methylaniline (H2NArMeL) was prepared by reduction
of 2-nitro-N,N-dimethyl-p-touidine using a modification of a literature procedure;17 H2NArMeL
was converted to HN[R]ArMeL via a modified literature procedure.18 The latter two procedures are
described below. All other reagents were obtained from commercial suppliers and used as received.
All glassware was oven-dried at a temperature of 225 ◦C prior to use.
Solution 1H, 13C, and 2H NMR spectra were recorded on Varian Mercury-300 or Varian Inova-
500 spectrometers at 20 ◦C. All 1H and 13C NMR spectra were referenced internally to residual
solvent (C6D5H in C6D6, 7.16 ppm; CHCl3 in CDCl3, 7.27 ppm). All 2H NMR spectra were
referenced internally to naturally abundant solvent deuterium peaks. GC-MS data were collected
using an Agilent 6890N network GC system with an Agilent 5973 Network mass selective detector
and an Rtx-1 column from Restek (Bellefonte, PA USA). Combustion analyses were performed by
Columbia Analytical Services, Inc. (Tucson, AZ USA).
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Caution! All isotopes of uranium are radioactive. The work described
herein utilized depleted uranium, which is composed primarily of 238U,
an α-emitter (t1/2 = 4.468×109 yr; 4.196 MeV) that also undergoes
spontaneous fission (t1/2 = 8.30×1015 yr; 4.149 MeV).32 Utmost care
must be exercised when planning, executing, and dismantling any
experiments that utilize uranium-containing materials. Experiments
must only be performed in a well-ventilated fume hood or in an inert
atmosphere glove box.33 The uranium-contaminated chemical waste
stream must be segregated from other waste streams and must be disposed
of through the MIT Radiation Protection Office (http://web.mit.
edu/environment/ehs/radiation.html).
Due to their potentially explosive nature, caution should be exercised
when manipulating azide salts and covalent azides.
2.4.2 Synthesis of H2NArMeL
In a 1 L, three-necked flask fitted with a reflux condenser, a mixture of 2-nitro-N,N-dimethyl-p-
touidine (53.18 g, 0.295 mol, 1 equiv), NaOH(aq) (36.0 mL of a 20% w/w solution), and ethanol
(220 mL) was prepared and magnetically stirred. The mixture was heated to reflux using a heating
mantle. Once a gentle boil was achieved, the mantle was removed and zinc (90 g) was added in
small portions (ca. 5 g at a time). The rate of zinc addition was fast enough to maintain the gentle
boil. Half way through the addition (ca. 40 g Zn), the reaction mixture began to reflux with great
vigor (it is imperative to have an ice bath ready for this eventuality). The reaction mixture was
cooled in an ice bath for ca. 10 min during which time the reaction mixture maintained a steady
reflux. Once the mixture began to evolve heat less vigorously, the addition of zinc was continued
at ambient temperature, again in small portions. The addition at this point was done with great
care, as the reaction mixture was prone to refluxing after each addition. Once all of the zinc was
added, the heating mantle was returned and the reaction mixture was refluxed for 1.5 h. During the
course of the reaction, the color of solution changed from bright red to dull brown. The hot reaction
mixture was filtered through a bed of Celite on a sintered glass frit to remove excess zinc and any
insoluble by-products. The filter cake was washed with ethanol (2× 100 mL). The filtrate was taken
to near dryness using a rotary evaporator. The dark brown residue was taken up in deionized water
(500 mL) and extracted with diethyl ether (5 × 200 mL). The organic fractions were combined and
dried with MgSO4. The mixture was then gravity filtered and the ether removed from the filtrate
using a rotary evaporator. The dark brown oil that remained was distilled under reduced pressure
(≤1 Torr, 55 ◦C) to give the product as a nearly colorless oil (30.95 g, 0.206 mol, 70%). 1H NMR
(500 MHz, benzene-d6): δ = 6.84 (d, 2JHH = 10 Hz, 1H, 3- or 4-ArMeLH), 6.58 (d, 2JHH = Hz,
1H, 3- or 4-ArMeLH), 6.29 (s, 1H, 6-ArMeLH), 3.60 (br s, 2H, H2N), 2.46 (s, 6H, N(CH3)2), 2.18
(s, 3H, ArMeLCH3) ppm. 13C{1H} NMR (75.5 MHz, benzene-d6): δ = 141.76 (s, ArMeL), 138.27
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(s, ArMeL), 133.51 (s, ArMeL), 119.20 (s, ArMeL), 118.92 (s, ArMeL), 116.00 (s, ArMeL), 43.64 (s,
N(CH3)2), 21.07 (s, ArMeLCH3) ppm. GC/MS: 150 (M·+) mz .
2.4.3 Synthesis of (CD3)2CNArMeL
A colorless solution of H2NArMeL (15.0 g, 0.100 mmol) and acetone-d6 (ca. 50 mL) was stored over
4 A˚ molecular sieves at 5 ◦C for 3 d. The solution was then transferred onto fresh 4 A˚ molecular
sieves, and the used sieves were washed with acetone-d6. The washings were added to the bulk
mixture, which was then stored at 5 ◦C for another 5 d. During this time, the solution obtained
a faintly red color. The solution was decanted from the sieves, the sieves were then washed with
acetone-d6, and the washings combined with the bulk mixture. Unreacted acetone-d6 was recovered
by vacuum transfer, leaving behind spectroscopically pure (CD3)2CNArMeL (16.93 g, 86.2 mmol,
86%) as a red oil. If desired, the oil may be further purified by vacuum distillation at ca. 50 ◦C, but it
is of sufficient purity to be taken on to the next step without any significant impact on yield. 1H NMR
(500 MHz, benzene-d6): δ = 6.81 (mult, 2H, 3- and 4-ArMeLH), 6.53 (s, 1H, 6-ArMeLH), 2.57 (s,
6H, N(CH3)2), 2.20 (s, 3H,ArMeLCH3), 1.94 (mult, 0.15H, residual NC(CH3)2), 1.44 (mult, 0.15H,
residual NC(CH3)2) ppm. 13C{1H} NMR (126 MHz, benzene-d6): δ = 167.38 (s, NC(CD3)2),
145.93 (s, ArMeL), 141.73 (s, ArMeL), 131.66 (s, ArMeL), 124.56 (s, ArMeL), 121.39 (s, ArMeL),
118.25 (s, ArMeL), 42.85 (s, N(CH3)2), 27.86 (mult, NC(CD3)2), 21.15 (s, ArMeLCH3). 2H NMR
(76.8 MHz, benzene): δ = 1.94 (s, NC(CD3)2), 1.44 (s, NC(CD3)2) ppm. GC/MS : 160 (M −
2CD3+) mz .
2.4.4 Synthesis of HN(R)ArMeL
A solution of (CD3)2CNArMeL(26.56 g, 0.135 mol, 1 equiv) in Et2O (50 mL) was added slowly to
a stirred thawing solution of MeLi (200 mL, 1.6 M in Et2O, 0.320 mol, 1.6 equiv). The mixture
assumed a yellow color and became cloudy. After stirring the mixture for ca. 14 h, the mixture was
quenched by slow addition to an ice/water slurry (400 mL). The organic layer was separated and
the aqueous layer was extracted with Et2O (3 × 200 mL). The combined organic fractions were
dried over Na2SO4. Volatile materials were removed with the aid of a rotary evaporator, leaving a
pale green oil that was then subjected to simple distillation under dynamic vacuum (≤1 Torr). The
product was obtained as a yellow oil that distills at 60 ◦C (25.97 g, 0.122 mol, 91%). 1H NMR (300
MHz, benzene-d6): δ = 6.93 (d, 2JHH = 6 Hz, 1H, 3- or 4-ArMeLH), 6.84 (s, 1H, 8-ArMeLH), 6.56
(d, 2JHH = 8 Hz, 1H, 3- or 4-ArMeLH), 5.11 (br s, 1H, NH), 2.45 (s, 6H, N(CH3)2), 2.20 (s, 3H,
ArMeLCH3), 1.30 (s, 3H, C(CD3)2CH3 ppm. 13C{1H} NMR (125.8 MHz, benzene-d6): δ = 142.85
(s, ArMeL), 139.48 (s, ArMeL), 134.40 (s, ArMeL), 120.26 (s, ArMeL), 117.41 (s, ArMeL), 114.43 (s,
ArMeL), 50.01 (s, C(CD3)2CH3), 44.87 (s, N(CH3)2), 30.31 (s, C(CD3)2CH3), 23.30 (s, ArMeLCH3)
ppm. GC/MS: 212 (M·+) mz .
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2.4.5 Synthesis of (Et2O)Li(N[R]ArMeL)
n-BuLi (48.0 mL, 1.6 M in hexane, 76.83 mmol, 1.3 equiv) was slowly added to a stirred solution of
HN[R]ArMeL(12.55 g, 59.10 mmol, 1 equiv) in thawing n-pentane (80 mL). The mixture assumed
a faintly yellow color and a small amount of white precipitate formed. The mixture was stirred for
30 min before Et2O (20 mL) was added. The mixture became homogeneous and was concentrated
under reduced pressure to ca. 40 mL and was cooled in the glove box cold well, leading to the
formation of a large amount of white precipitate. The product precipitate was isolated by filtering
the cold mixture through a medium frit, then washing the retained solids with a small amount of
cold n-pentane, and finally drying the solids under reduced pressure (15.38 g, 52.6 mmol, 89%).
1H NMR (500 MHz, benzene-d6): δ = 6.79 (d, 2JHH = 8 Hz, 1H, 3- or 4-ArMeLH), 6.78 (s, 1H,
6-ArMeLH), 6.24 (d, 2JHH = 8 Hz, 1H, 3- or 4-ArMeLH), 3.04 (q, 4H, O(CH2CH3)2), 2.35 (s, 3H,
ArMeLCH3), 2.20 (s, 6H, N(CH3)2), 1.56 (s, 3H, C(CD3)2CH3, 0.92 (t, 6H, O(CH2CH3)2) ppm.
13C{1H} NMR (75.5 MHz, pyridine-d5): δ = 154.59 (s, ArMeL), 139.63 (s, ArMeL), 133.00 (s,
ArMeL), 117.10 (s, ArMeL), 113.15 (s, ArMeL), 101.53 (s, ArMeL), 52.01 (s, C(CD3)2CH3), 43.88 (s,
N(CH3)2), 31.80 (s, C(CD3)2CH3), 23.50 (s, ArMeLCH3) ppm. 2H NMR (76.8 MHz, benzene): δ =
1.56 (s, C(CD3)2CH3) ppm.
2.4.6 Synthesis of K(N[R]ArMeL)
Solid KH (1.62 g, 40.4 mmol, 1.1 equiv) was added to a 200 mL recovery flask containing a stirred
solution of HN[R]ArMeL(7.77g, 36.6 mmol, 1 equiv) in THF (80 mL). The flask was capped with
a septum and syringe needle was inserted into the septum to facilitate the escape of H2(g). The
mixture was allowed to stir for 36 h, whereupon it was filtered through a Celite-padded frit to
remove excess KH. Volatile material was removed under reduced pressure from the yellow filtrate,
yielding a pale yellow solid. Toluene (60 mL) was added and subsequently removed under reduced
pressure. The solid was then slurried in Et2O (30 mL) and n-hexane (80 mL). The total volume
was reduced to ca. 30 mL by concentrating the mixture under reduced pressure, and the pale yellow
solid was isolated by filtering the mixture through a medium frit. The solids were washed with
n-pentane (2 × 20 mL) and dried under reduced pressure (8.40 g, 33.5 mmol, 92%). 1H NMR (300
MHz, pyridine-d5): δ = 6.79 (d, 7 Hz, 1H, 3- or 4-ArMeLH), 6.18 (s, 1H, 6-ArMeLH), 5.97 (d, 8 Hz,
1H, 3- or 4-ArMeLH, 2.85 (s, 6H, N(CH3)2), 2.46 (s, 3H, ArMeLCH3), 1.65 (s, 3H, C(CD3)2CH3)
ppm. 13C{1H} NMR (75.5 MHz, pyridine-d5): δ = 154.59 (s, ArMeL), 139.63 (s, ArMeL), 133.00 (s,
ArMeL), 117.10 (s, ArMeL), 113.15 (s, ArMeL), 101.53 (s, ArMeL), 52.01 (s, C(CD3)2CH3), 43.88 (s,
N(CH3)2), 31.80 (s, C(CD3)2CH3), 23.50 (s, ArMeLCH3) ppm. 2H NMR (76.8 MHz, pyridine): δ =
1.65 (s, C(CD3)2CH3) ppm.
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2.4.7 Synthesis of t-BuC(O)NHArMeL
A solution of 2-amino-p-toluidine (H2NArMeL) in anhydrous Et2O (40 mL) was added to a
mechanically stirred solution of pivaloyl chloride (t-BuC(O)Cl) and triethylamine (NEt3) in
anhydrous Et2O (250 mL) at 0 ◦C. The addition was performed with a pressure-equalizing dropping
funnel and the reaction mixture was maintained under an atmosphere of N2. A white precipitate
immediately formed, and the mixture was allowed to stir for 1.5 h. Deionized water (125 mL)
was then added to the reaction mixture. The organic layer was separated and the aqueous layer
was extracted with Et2O (2 × 150 mL). The combined organic layers were dried over anhydrous
Na2SO4. Following the removal of solvent with a rotary evaporator, a crude oil that was light yellow
in color was obtained (24.9 g). The oil was fractionally distilled at full vacuum (≤1 Torr) using an
8-inch Vigreaux column. A fraction distilled at 45–50 ◦C, accounting for only about 2 mL of the
total volume of the crude oil. After two small intermediate fractions were collected, the product
t-BuC(O)NHArMeLwas obtained as the main fraction, which distilled at ca. 75 ◦C as a colorless oil
(21.73 g, 92.7 mmol, 89%). 1H NMR (500 MHz, benzene-d6): δ = 8.90 (s, 1H, 6-ArMeLH), 8.84
(br s, 1H, NH), 6.84 (d, 8 Hz, 1H, 3- or 4-ArMeLH), 6.75 (d, 7 Hz, 1H, 3- or 4-ArMeLH), 2.28 (s,
6H, N(CH3)2), 2.16 (s, 3H, ArMeLCH3), 1.16 (s, 9H, C(CH3)3) ppm. 13C{1H} NMR (122 MHz,
benzene-d6): δ = 175.84 (s, C=O), 140.64 (s, ArMeL), 135.59 (s, ArMeL), 134.79 (s, ArMeL), 124.18
(s, ArMeL), 120.77 (s, ArMeL), 119.93 (s, ArMeL), 45.03 (s, N(CH3)2), 40.35 (s, C(CH3)3), 21.77 (s,
ArMeLCH3) ppm.
2.4.8 Synthesis of HN(Np)ArMeL
A 500 mL two-necked round bottom flask containing a large magnetic stir bar was fitted with a
water-jacketed reflux condenser topped with a flow-control gas adapter. The flask was flushed with
N2 and then dry THF (250 mL) was added to the flask. The flask was cooled in an ice-water bath.
Under a flow of N2, pellets of LiAlH4 were added in small portions so as to moderate the exothermic
process of dissolution. Neat t-BuC(O)NHArMeLwas then added dropwise via pipet. A stopper was
placed in the second neck of the flask and the ice bath was removed and replaced with a heating
mantle. The reaction mixture was brought to reflux and maintained there for ca. 12 h. The mantle
was then removed and the flask was allowed to cool. The contents of the flask were slowly poured
into a stirred 0.2 M HCl(aq) solution (100 mL) at 0 ◦C. The quenched mixture was made basic
(pH ≈ 10) by the addition of conc. NH4OH(aq). The organic layer was separated and the aqueous
layer was extracted with petroleum ether (3 × 200 mL). The combined organic layers were dried
over anhydrous Na2SO4. Following removal of solvent with a rotary evaporator, a crude oil, light
yellow in color, was obtained. The oil was distilled at full vacuum (≤1 Torr) through a short-path
distillation head, and the product HN(Np)ArMeL was obtained as a colorless oil that distilled at
ca. 85 ◦C (17.21 g, 78.1 mmol, 85%). 1H NMR (300 MHz, benzene-d6): δ = 6.94 (d, 8 Hz, 1H,
3- or 4-ArMeLH), 6.64 (d, 7 Hz, 1H, 3- or 4-ArMeLH), 6.59 (S, 1H, 5-ArMeLH), 4.91 (br s, 1H,
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NH), 2.83 (d, 8 Hz, 2H, CH2C(CH3)3), 2.51 (s, 6H, N(CH3)2), 2.33 (s, 3H, ArMeLCH3), 0.95 (s,
9H, CH2C(CH3)3) ppm. 13C{1H} NMR (122 MHz, benzene-d6): δ = 144.31 (s, ArMeL), 138.50
(s, ArMeL), 134.60 (s, ArMeL), 119.46 (s, ArMeL), 117.45 (s, ArMeL), 111.39 (s, ArMeL), 56.06 (s,
NCH2C(CH3)3), 44.51 (s, N(CH3)2), 32.23 (s, NCH2C(CH3)3), 28.17 (s, NCH2C(CH3)3), 22.17 (s,
ArMeLCH3) ppm.
2.4.9 Synthesis of K(N[Np]ArMeL)
This compound was prepared in a manner analogous to K(N[Np]ArMeL) (Section 2.4.6. From
HN(Np)ArMeL (18.26 g, 82.9 mmol, 1 equiv) and KH (3.86 g, 96.2 mmol 1.1 equiv) in THF
(200 mL), the product K(N[Np]ArMeL) (17.97 g, 69.6 mmol, 84%) was isolated as a white powder.
1H NMR (500 MHz, THF-d8): δ = 6.21 (d, 8Hz, 1H, 3- or 4-ArMeLH), 5.62 (s, 1H, 5-ArMeLH),
5.31 (d, 7 Hz, 1H, 3- or 4-ArMeLH), 2.66 (s, 6H, N(CH3)2), 2.59 (s, 2H, NCH2C(CH3)2), 0.94
(s, 9H, NCH2C(CH3)3) ppm. 13C{1H} NMR (122 MHz, THF-d8): δ = 154.43 (s, ArMeL) 136.23
(s, ArMeL), 132.36 (s, ArMeL), 114.44 (s, ArMeL), 106.56 (s, ArMeL), 101.62 (s, ArMeL), 65.00 (s,
NCH2C(CH3)3), 42.52 (s, N(CH3)2), 32.94 (s, NCH2C(CH3)3), 28.94 (s, NCH2C(CH3)3), 21.48 (s,
ArMeLCH3) ppm. Anal. calcd. for C14H23KN2: C, 65.06; H, 8.97; N, 10.84%; found: C, 64.93; H,
8.44; N, 10.77%.
2.4.10 Synthesis of Li[I2U(N[R]ArMeL)2] (Li[11])
Solid (Et2O)Li(N[R]ArMeL) (1.88 g, 6.44 mmol, 2 equiv) was added to a stirred suspension of
UI3(THF)4 (2.922 g, 3.22 mmol, 1 equiv) in thawing toluene. The mixture was allowed to stir
and warm to ambient temperature for 12 h, during which time the mixture was maintained under
dynamic vacuum to remove solvent and other volatile materials. A purple residue remained, to
which n-hexane (200 mL) was added. The mixture was filtered through a Celite-padded frit, and
volatile materials were removed from the filtrate under reduced pressure. Et2O (20 mL) and n-
hexane (50 mL) were added to the residue thus obtained, creating a solution. Volatile materials
were removed under reduced pressure from this solution, and again Et2O (20 mL) and n-hexane (50
mL) were added and removed under reduced pressure. n-Pentane (20 mL) was then added, creating
a purple suspension. The inner walls of the flask were scraped to dislodge adhered material, and
the suspened solids were isolated by filtering the mixture through a medium frit. The solids were
washed with n-pentane (10 mL) and then dried under reduced pressure, providing the product as a
purple powder (1.77 g, 1.93 mmol, 60%). Crystals of this material were grown from a solution
of Li[11] in a mixture of THF/Et2O stored at −35 ◦C. 1H NMR (300 MHz, benzene-d6), as
[(Et2O)xLi][11]: δ = 53.00 (br s, 18H, C(CD3)2CH3), 31.60 (br s, 9H, N(CH3)(CH3), 16.17 (br s,
3H, ArMeLH),−3.94 (br s, 9H, ArMeLCH3),−9.09 (br s, 3H, ArMeLH),−27.45 (br s, 3H, ArMeLH),
−59.52 (br s, 9H, ArMeLCH) ppm. 2H NMR (76.8 MHz, benzene): δ = 53.0 (br s, C(CD3)2CH3)
ppm.
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2.4.11 Synthesis of U(N[R]ArMeL)3 (12)
Solid K(N[R]ArMeL) (1.521 g, 6.072 mmol, 3.4 equiv) was added to a stirred suspension of UI3
(1.100 g, 1.777 mmol, 1 equiv) in thawing THF (80 mL). The resulting mixture was stirred for 2.5
h, over which time the mixture darkened from a purple-blue to black. The mixture was filtered
through a Celite-padded frit to remove precipitated KI. Volatile materials were removed under
reduced pressure from the filtrate, leaving behind a dark blue-black residue. Et2O (50 mL) and
n-pentane (50 mL) were added to the residue, and the resulting mixture was filtered through a
Celite-padded frit. Volatile materials were removed under reduced pressure from the filtrate, leaving
behind a dark blue-black powder. The powder was dissolved in Et2O (20 mL) and the resulting
solution was filtered through a plug of Celite. The filtrate was stored at −35 ◦C, resulting in the
product depositing on the walls of the storage flask as dark blue-black microcrystals. The product
was isolated in three crops by removing the mother liquor by pipet and drying the microcrystals
under dynamic vacuum (1.067 g, 1.223 mmol, 69%). Single crystals of this material were grown
from a solution of 12 in a mixture of THF/Et2O/n-pentane stored at −35 ◦C. 2H NMR (76.8 MHz,
benzene): δ = 23.6 (br s, C3-symmetric conformer),−9.0 (br s, Cs-symmetric conformer) and−25.0
(br s, Cs-symmetric conformer) ppm.
2.4.12 Synthesis of I2U(N[R]ArMeL)2 (11)
A thawing solution of I2 (0.081 g, 0.319 mmol, 0.5 equiv) in Et2O (5 mL) was added dropwise to
a stirred thawing solution of Li[11] (0.587, 0.624 mmol, 1 equiv) in Et2O (6 mL), resulting in the
immediate formation of a bright orange precipitate. The mixture was allowed to stir for 30 min
before it was concentrated to half of its initial volume under reduced pressure. The precipitate was
isolated by filtering the mixture through a medium frit. The solids were washed with n-pentane (10
mL) and dried under reduced pressure, yielding the product as a bright red-orange powder (0.507
g, 0.554 mmol, 89%). Crystals of this material were grown from a solution of 11 in a mixture of
CH2Cl2/THF/Et2O stored at−35 ◦C. 1H NMR (300 MHz, CDCl3): δ = 76.67 (s, 9H, C(CD3)2CH3),
30.21 (s, 3H, ArMeLH), 5.90 (s, 9H, ArMeLCH3), −10.60 (s, 9H, N(CH3)(CH3), −19.46 (s, 3H,
ArMeLH), −36.21 (s, 3H, ArMeLH), −53.55 (s, 9H, N(CH3)(CH3)) ppm. 2H NMR (76.8 MHz,
CHCl3): δ = 76.7 (s, C(CD3)2CH3) ppm.
2.4.13 Synthesis of [U(N[R]ArMeL)3][OTf] ([12][OTf])
A solution of AgOTf (0.0752 g, 0.280 mmol, 1 equiv) in cold THF (6 mL, −35 ◦C) was added to
a stirred solution of U(N[R]ArMeL)3 (0.255 mmol, 0.280 mmol, 1 equiv) in cold THF (6 mL, −35
◦C). The color of the mixture immediately went from purple-black to orange-brown. The mixture
was allowed to stir for 1.5 h before it was filtered through a Celite-padded frit. The filter cake was
washed with THF (20 mL) and volatile materials were removed from the combined filtrate under
91
reduced pressure. Addition of an Et2O/n-pentane mixture created a suspension of a brown solid in
a faintly brown supernatant solution. The suspended material was isolated by filtering the mixture
through a medium frit and washing the isolated solids with n-pentane (5 mL) before drying the
solids under reduced pressure. The product was thus obtained as dark orange precipitate (0.244 g,
82%). Crystals of this material were grown from a THF solution of [U(N[R]ArMeL)3][OTf] layered
with Et2O and stored at −35 ◦C. 1H NMR (500 MHz, CDCl3): δ = 7.76 (s, 3H, ArMeLH), 7.02 (s,
3H, ArMeLH), 6.81 (s, 3H, ArMeLH), 3.50 (s, 9H, N(CH3)(CH3), 3.26 (s, 9H, ArMeLCH3),−0.35 (s,
18H, NC(CD3)2CH3), −0.87 (s, 9H, N(CH3)(CH3) ppm. 2H NMR (76.8 MHz, CHCl3): δ = −0.35
(br s, C(CD3)2CH3) ppm.
2.4.14 Synthesis of U(N[Np]ArMeL)3 (13)
Solid UI3(THF)4 (1.92 g, 2.11 mmol, 1 equiv) was added to a thawing solution of K(N[Np]ArMeL)
(1.641 g, 6.35 mmol, 3 equiv) in Et2O/THF (80 mL/5 mL). The resulting mixture was stirred for
1.5 h before it was filtered through a Celite-padded frit. Volatile materials were removed from
the filtrate under reduced pressure, leaving behind a purple residue. To this was added toluene
(50 mL), creating a solution that was then filtered through a Celite-padded frit. Volatile materials
were removed from the filtrate under reduced pressure. The residue that remained was dissolved in
Et2O (10 mL). The resulting solution was filtered through a plug of Celite and then layered with n-
pentane (5 mL). Storing this mixture at−35 ◦C led to the formation of the product U(N[Np]ArMeL)3
as small black crystals, which were isolated by decanting the mother liquor and drying the crystals
under dynamic vacuum (1.048 g, 1.17 mmol, 55%). Like the related tris(anilide) complex 12, the
1H NMR spectrum of U(N[Np]ArMeL)3 is complex. The variable temperature spectrum is included
here as Figure 2.4. Anal. calcd. for C42H69N6U: C, 56.30; H, 7.76; N, 9.38%; found: C, 55.82; H,
7.94; N, 9.77%.
2.4.15 Synthesis of OU(N[Np]ArMeL)3 (14)
A solution of U(N[Np]ArMeL)3 (0.372 g, 0.415 mmol, 1 equiv) in thawing toluene (6 mL) was added
to a stirred suspension of pyridine-N-oxide (0.0400 g, 0.0421 mmol, 1 equiv) in thawing toluene (2
mL). The mixture darkened slightly and was stirred for 1.5 h before being filtered through a plug
of Celite. Volatile materials were removed from the filtrate under reduced pressure. Addition of
Et2O (3 mL) and n-pentane (2 mL) created a suspension, which was then concentrate to a final
volume of ca. 2 mL. The suspended solids were isolated by filtering the mixture through a medium
frit and drying the retained solids under reduced pressure. The product OU(N[Np]ArMeL)3 was thus
isolated as a dark purple-black powder (0.280, 0.306 mmol, 74%). 1H NMR (500 MHz, benzene-
d6): δ = 10.71 (br s, 18H, N(CH3)2), 9.46 (br s, 3H, ArMeLH), 7.64 (br s, 27H, NCH2C(CH3)3),
2.11 (s, 3H, ArMeLH), −4.68 (s, 9H, ArMeLCH3), −11.68 (br s, 3H, ArMeLH), −20.70 (br s, 6H,
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NCH2C(CH3)3). Anal. calcd. for C42H69N6OU: C, 55.31; H, 7.63; N, 9.21%; found: C, 55.28; H,
7.69; N, 8.80%.
2.4.16 Isolation of [Na(THF)6][(µ,η1:η1-N3)(U(N[Np]ArMeL)3)2] ([Na(THF)6][55])
A solution of 13 (0.200 g, 0.223 mmol, 1 equiv) in THF (5 mL) was added to a stirred suspension of
NaN3 in THF (5 mL). The black mixture was stirred for 4 d, during which the following observations
were made: within the first 24 h, no color change was observed; over the remaining 3 d, the mixture
gradually assumed a very dark brown-green color. The mixture was then filtered through a plug
of Celite. Volatile materials were removed under reduced pressure, leaving behind a dark residue.
The residue was dissolved in THF (2 mL) and the resulting solution was layered with n-pentane
(2 mL). Storage of this solution at −35 ◦C led to the formation of a small amount of brown-
green crystals, from which the structure presented in Figure 2.7 was obtained. Anal. calcd. for
C108H186N15O6NaU2: C, 56.65; H, 8.18; N, 9.18%; found: C, 57.17; H, 8.66; N, 9.02%.
2.5 CRYSTALLOGRAPHIC DETAILS
2.5.1 General Considerations
Low-temperature diffraction data were collected on a Siemens Platform three-circle diffractometer
coupled to a Bruker-AXS Smart Apex charge-coupled device (CCD) and a graphite-monochromated
Mo Kα radiation beam (0.71073 A˚). Diffraction data were collected by performing φ- and ω-scans.
All software used for diffraction data processing and crystal structure solution and refinement
are contained in the SAINT+ (v6.45) and SHELXTL (v6.14) program suites.34–37 The structures
were solved by either direct methods or Patterson methods, in conjunction with standard Fourier
difference techniques, and refined on F2 by full-matrix least-squares procedures. A semi-empirical
absorption correction was applied to the diffraction data for all structures. All non-hydrogen atoms
were refined anisotropically; all hydrogen atoms were placed at calculated positions and refined
isotropically using a riding model. The isotropic displacement parameters of all hydrogen atoms
were fixed to 1.2 times the Ueq value of the atoms they are linked to (1.5 times for methyl groups).
In structures where disorders were present, the disorders were refined within SHELXL with the help
of rigid bond restraints as well as similarity restraints on the anisotropic displacement parameters
for neighboring atoms and on 1,2- and 1,3-distances throughout the disordered components.38,39
The relative occupancies of disordered components were allowed to refine freely. Thermal
ellipsoid plots were generated using the program PLATON.40 Complete crystallographic data for the
structurally characterized complexes presented in this chapter are available on the Reciprocal Net
(http://www.reciprocalnet.org/).41 Summaries of crystallographic data for the structurally
characterized complexes presented in this chapter are given in Tables 2.2 and 2.3.
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The procedures for handling samples in a typical X-ray diffraction experiment are described in
Section 1.6.1.
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Synthesis and N-Functionalization of a
Tungsten Terminal Nitride Complex
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3.1 INTRODUCTION
The report in 1995 that the three-coordinate molybdenum(III) complex Mo(N[t-Bu]Ar)3 (16-Mo)
effects the six-electron reductive cleavage of dinitrogen in solution and under mild conditions
(Scheme 3.1) provided a glimpse of the fascinating small molecule activation chemistry that three-
coordinate, early transition-metal complexes can mediate.1–3 The chemistry of 16-Mo is rich with
remarkable and unprecedented chemical transformations, which largely derive from the reductive
activation of small molecule substrates at the reactive d3 metal center.4 The wealth of chemistry
displayed by three-coordinate molybdenum(III) complexes raises the question of the possible
existence of analogous systems involving tungsten. This chapter describes a concerted effort to
answer this question.
3.1.1 Thermochemistry of N2 Scission by d3 ML3 (M = Mo, W) Complexes
Dinitrogen cleavage with 16-Mo has been the subject of a number synthetic, kinetic, spectroscopic,
and computational studies that have provided a detailed understanding of the mechanism by which
this reaction occurs (Scheme 3.1).3,5–19 At low temperatures and under a dinitrogen atmosphere
16-Mo reversibly binds N2, forming the terminal dinitrogen complex (η1-N2)Mo(N[t-Bu]Ar)3
(17-Mo). The coordinated dinitrogen ligand is irreversibly fixed by reaction with an additional
equivalent of 16-Mo, providing the isolable bimetallic dinitrogen complex (µ,η1,η1-N2)(Mo(N[t-
Bu]Ar)3)2 (18-Mo). Subsequent thermal fragmentation through a trans-bent “zig-zag” transition
state provides two equivalents of NMo(N[t-Bu]Ar)3 (19-Mo).
100
N Mo
N-t-Bu
NAr
t-Bu
Ar
t-Bu
Ar
Mo
N N-t-Bu
NAr
t-Bu
t-Bu
Ar Ar
N
N
Mo
N N-t-Bu
NAr
t-Bu
t-Bu
Ar Ar
N+ N2 – N2
+ 16-Mo
ǂ
2
16-Mo
17-Mo 18-Mo
19-Mo
N[t-Bu]Ar
Mo
N[t-Bu]Ar
N[t-Bu]ArAr[t-Bu]N
Mo N
Ar[t-Bu]N
Ar[t-Bu]N
N
N[t-Bu]Ar
Mo
N[t-Bu]Ar
N[t-Bu]Ar
Ar[t-Bu]N
Mo N
Ar[t-Bu]N
Ar[t-Bu]N
N
Scheme 3.1. Consensus mechanism for the cleavage of N2 with 16-Mo.
Spurred by the initial report of facile scission of N2 by 16-Mo, Morokuma and coworkers
conducted a DFT study of N2 scission by the three-coordinate d3 model complexes M(NH2)3
(20-M; M = Mo, W).7 Stationary points along a reaction coordinate describing the coordination
and cleavage of N2 by two equivalents of 20-M were surveyed, leading to the conclusion that the
tungsten(III) tris(amide) complex 20-W would be more reactive than 20-Mo with regard to N2
scission, in terms of both kinetic facility and thermodynamic competency.
The calculated energetics of dinitrogen cleavage by 20-M are shown in Figure 3.1. Briefly
summarizing this work, axial coordination of N2 to quartet 20-M leads to quartet (η1-N2)M(NH2)3
((η1-N2)20-M) with no energy barrier. The N2 ligand is then irreversibly fixed by a second
equivalent of 20-M binding to the lone pair of electrons at the β-nitrogen of the coordinated
N2 ligand. The resulting bimetallic complex (µ,η1:η1-N2)(M(NH2)3)2 ((µ,η1:η1-N2)(20-M) is
a stable intermediate containing an N2 fragment that is already significantly reduced. Complex
(µ,η1:η1-N2)(20-M)2 is calculated to have a ground-state triplet electronic configuration, where two
primarily metal-based electrons reside in the pi-system of the heterocumulene {M–N–N–M} core.
To complete the N2 scission process, these two electrons must transit from this pi-system to the
σ-framework of the {M–N–N–M} core. This takes place through a C2h-symmetric transition state
in which orbital degeneracy is lifted, leading to a singlet electronic configuration and subsequent
cleavage of the N–N bond. The electron spin flip required to take (µ,η1:η1-N2)(20-M)2 from the
triplet intermediate to the singlet transition state corresponds to an energy gap of 31 kcal mol−1 for
M = Mo, and only 5 kcal mol−1 for M = W. This significant energy barrier for M = Mo is consistent
with the fact that 18-Mo is an isolable entity. In the case of (µ,η1:η1-N2)(20-W)2, electron spin
pairing does not provide a significant kinetic barrier to completing N2 cleavage, thus allowing the
reaction to proceed more quickly. Kinetic facility is further assisted in the tungsten case due to
the presence of a low-lying singlet excited state for (µ,η1:η1-N2)(20-W)2. At only 1.2 kcal mol−1
above the triplet ground state, the singlet excited state would be thermally populated to a significant
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Figure 3.1. Calculated relative energies of stationary points on the potential energy surface governing
N2 scission with 20-M (M = Mo, W). Energy values listed in blue are for M = Mo; energy values listed
in red are for M = W. All values are reported in kcal mol−1. (Figure adapted from ref. 7.)
degree, obviating the need for an electron spin flip to enter the singlet transition state. Additionally,
the two W−−N bonds formed upon scission of N2 are stronger than the corresponding Mo−−N bonds,
resulting in a more exothermic reaction when M = W. Importantly, the proposed mechanism for N2
scission by 20-M is consistent with observations for the analogous reaction with 16-Mo.
3.1.2 The +3 Oxidation State of Tungsten
Reports of complexes incorporating tungsten in the +3 oxidation state are dominated by bimetallic
systems featuring W−−W bonds, typically of the form X3W−−WX3, where X refers to a monodentate,
monoanionic ligand (Figure 3.2, top-left).20,21 The chemistry of this class of complexes is extensive,
characterized by multi-electron reactions involving substrate addition across the W−−W bond, and
includes the six-electron reductive cleavage of C−−C and C−−N bonds.22 While molecules of the
form X3W−−WX3 may be viewed as formally derived from the dimerization of two three-coordinate
d3 WX3 fragments, no examples of the latter currently exist.
§ The octahedral tungsten(III)
complexes mer-WCl3L3 (L = THF, PMe2Ph, py) are known, though the chemistry of these
compounds remains largely unexplored (Figure 3.2, top-center).23–25
One outstanding example of a molecular tungsten(III) complex comes from the laboratory of
Schrock.26 Reduction of the triamidoamine-supported high-spin tungsten(IV) chloride complex
§A notable corollary exists in the molybdenum literature: prior to the synthesis of 16-Mo, there were no bona fide
examples of three-coordinate molybdenum(III) complexes, though the multiply-bonded X3Mo−−MoX3 systems were
already well established.2
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Figure 3.2. Notable examples of molecular tungsten(III) complexes: top-left, complexes featuring
metal–metal triple bonds; top-center, meridional octahedral complexes; top-right, a triamidoamine-
supported dinitrogen complex; siloxide-supported phosphine (bottom-left) and carbonyl (bottom-right)
complexes.
ClW(N3NAr
′) (N3NAr
′ = [N(CH2CH2NAr′)3]
3– ; Ar′ = 3,5-(2,4,6-i-Pr3C6H2)C6H3) with KC8
under an atmosphere of N2 provided in high yield the formally tungsten(II) diazenide salt
K[(η1-N2)W(N3NAr′)]. Subsequent 1e oxidation of K[(η1-N2)W(N3NAr′)] provided the neutral
tungsten(III) dinitrogen complex (η1-N2)W(N3NAr′) in moderate yield (Figure 3.2, top-right).
Complex (η1-N2)W(N3NAr′) features a significantly activated dinitrogen ligand (νNN = 1888 cm−1,
d(N–N) = 1.132(8) A˚) that is bound to a low-spin five-coordinate tungsten(III) center. The fact
that (η1-N2)W(N3NAr′) is isolable may be attributed to electronic stabilization of the d3 tungsten
center by the pi-acceptor N2 ligand and kinetic stabilization provided by the bulky ancillary “TREN”
ligand. Indeed, (η1-N2)W(N3NAr′) does not undergo bimetallic N2 cleavage in a manner similar
to the 16-Mo system, but it does mediate the reduction of N2 to NH3 when treated with proton and
electron sources.
Recently, Wolczanski and co-workers reported the four-coordinate low-spin tungsten(III)
complexes W(L)(OSi-t-Bu3)3 (L = PMe3, CO), which were obtained by reduction of the
corresponding tungsten(IV) chloride complex W(L)(Cl)(OSi-t-Bu3)3 with sodium amalgam (Figure
3.2, bottom) in the presence of the appropriate Lewis base L.27 Again, that fact that W(L)(OSi-t-
Bu3)3 are isolable entities may be attributed to stabilizing effects of the bulky “silox” ancillary
ligands; electronic stabilization by the phosphine and carbonyl ligands also cannot be discounted.
The phosphine ligand in the related molybdenum complex Mo(PMe3)(OSi-t-Bu3)3 was found to be
thermally labile, allowing for isolation of the three-coordinate molybdenum(III) complex Mo(OSi-
t-Bu3)3. The free three-coordinate tungsten(III) analog W(OSi-t-Bu3)3 could not be obtained under
similar conditions.
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3.1.3 Three-Coordinate Tungsten Complexes
While tungsten complexes with coordination numbers of four, five, and six are well-represented in
the literature, lower coordination numbers are extremely rare. The only structurally characterized
example of three-coordinate tungsten comes from the laboratory of Wolczanski.28 The trigonal-
planar low-spin tungsten(IV) complex W(N-t-Bu)(OSi-t-Bu3)2 was obtained by reduction of the
tungsten(VI) dichloride species Cl2W(N-t-Bu)(OSi-t-Bu3)2 with magnesium powder. While the
chemistry of W(N-t-Bu)(OSi-t-Bu3)2 has not been extensively described, the original report notes
that W(N-t-Bu)(OSi-t-Bu3)2 lacks reactivity towards simple σ-donors, but adducts of the form
W(L)(N-t-Bu)(OSi-t-Bu3)2 (L = ethylene, 2-butyne) were prepared by treatment of W(N-t-Bu)(OSi-
t-Bu3)2 with the corresponding unsaturated moiety.
3.1.4 A Stoichiometric Cycle for the Synthesis of Nitriles from Dinitrogen
The paucity of complexes featuring tungsten in the +3 oxidation state or in a three-coordinate
environment suggests that accessing a three-coordinate tungsten(III) complex may be a challenging
endeavor. Indeed, previous efforts in our group to access 19-W have been thwarted by the lack
of an effective method for appending three N-tert-butylanilide ligands to a tungsten(III) center.
For example, 16-Mo is prepared in multi-gram quantities and in good yield by the reaction of
MoCl3(THF)3 with (Et2O)Li(N[t-Bu]Ar), while the corresponding reaction of WCl3(THF)3 25 with
(Et2O)Li(N[t-Bu]Ar) fails to produce W(N[t-Bu]Ar)3 (16-W).
Recent developments in the chemistry of the 16-Mo system provided one possible solution to
this impasse. The efforts of J. Curley and E. Sceats in our laboratory led to the report of a synthetic
cycle that couples dinitrogen cleavage to N-atom incorporation into organic nitriles, mediated by
the 16-Mo platform (Scheme 3.2).29 As described above, the reaction of N2 with two equivalents
of 16-Mo leads to the bimetallic linear dinitrogen complex 18-Mo, which thermally fragments to
provide two equiv of 19-Mo. N-functionalization is initiated by acylating 19-Mo, providing the
benzoylimido derivative [PhC(O)NMo(N[t-Bu]Ar3][OTf] ([21-Mo][OTf]). This reaction serves
as the initial C–N bond forming step en route to nitrile formation. Two-electron reduction of
[21-Mo][OTf] and subsequent silylation provides the phenyl(siloxy)-substituted molybdenum(IV)
ketimide complex Ph(Me3SiO)CNMo(N[t-Bu]Ar)3 (22-Mo). What was initially the nitride ligand
in 19-Mo has now been incorporated into a C–N multiply-bonded ligand that is poised for extrusion
as benzonitrile by formal β-OSiMe3 elimination.30 Treatment of 22-Mo with SnCl2 or ZnCl2 leads
to the liberation of benzonitrile and formation of molybdenum(IV) chloride complex ClMo(N[t-
Bu]Ar)3 (23-Mo). One-electron reduction of 23-Mo regenerates 16-Mo, thus allowing the synthetic
cycle to begin anew. Noting that this synthetic cycle offers the ability to return 19-Mo to the reactive
three-coordinate d3 form of 16-Mo, we were inspired to see if this methodology could be applied to
tungsten and thus provide a route to the target complex 16-W.
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Scheme 3.2. A stoichiometric cycle for the synthesis of benzonitrile from an N2-derived metal nitride
complex.
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3.1.5 Synthetic Routes to Tungsten tris(Anilide) and tris(Amide) Complexes
An immediate challenge to applying the methodology described by Scheme 3.2 to tungsten was
finding a suitable point of entry into the synthetic cycle. As described above, 16-W could not be
accessed via ligand metallation with mer-WCl3(THF)3. Another possibility was to enter Scheme
3.2 through the tungsten(IV) chloride complex ClW(N[t-Bu]Ar)3 (23-W). While both ClW(N3NAr′)
and ClW(N3NSiMe3) (N3NSiMe3 = [N(CH2CH2NSiMe3)3]
3– ) are conveniently prepared by salt-
elimination reactions using WCl4(DME) and the appropriate triamidoamine precursor, attempts
to prepare 23-W by the corresponding reaction of (Et2O)Li(N[t-Bu]Ar) with WCl4(DME) were
unsuccessful. Consequently, developing a synthesis of the tungsten nitride complex 19-W as an
entry into the chemistry of Scheme 3.2 was focused upon.
The synthesis, characterization, and properties of tungsten nitrido complexes have been
extensively reviewed,31–34 and several nitridotungsten complexes that could potentially serve as
useful synthons for 19-W were identified. One such example is the mixed nitride-chloride tetramer
(NWCl3)4, which is most easily prepared by addition of Me3SiN3 to WCl6 in 1,2-dichloroethane
at elevated temperatures.35–38 Dehnicke and co-workers prepared the terminal tungsten nitride
complex NW(NPh2)3 in 12% isolated yield by treatment of (WNCl3)4 with Li[NPh2] in THF.39
The low yield in this reaction may be attributed to the oxidizing nature of (WNCl3)4. Attempting to
apply this method for our own purposes, the reaction of (Et2O)Li(N[t-Bu]Ar) with (NWCl3)4 was
explored in a range of solvent systems, including Et2O, THF, Et2O/THF, and Et2O/DME. In no case
did these reactions lead to the production of 19-W according to assays of the crude reaction mixtures
by 1H NMR spectroscopy (free HN(t-Bu)Ar was the major product identified by this spectroscopic
method). Another possible synthon for 19-W is the octahedral mixed nitride-chloride complex
mer-WNCl3(DME), which is prepared by addition of DME to (WNCl3)4 in CH2Cl2 and isolated
by crystallization.40 Unfortunately, all attempts to isolate bona fide mer-NWCl3(DME) via this
procedure were unsuccessful.
The Cummins laboratory has previously reported a route to the related tungsten nitride
tris(anilide) complex NW(N[i-Pr]Ar)3.41 Treatment of NW(O-t-Bu)3 with Zr(N[i-Pr]Ar)4 (0.5
equiv) provides the mixed anilide-alkoxide derivative NW(O-t-Bu)(N[i-Pr]Ar)2 in good yield.
Treatment of this latter complex with (Et2O)Li(N[i-Pr]Ar) provides the tris(anilide) derivative
NW(N[i-Pr]Ar)3 in moderate yield. While this synthetic protocol serves as a convenient route to
NW(N[i-Pr]Ar)3, it is ineffective when the more sterically demanding N-tert-butylanilide ligand is
employed.
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Scheme 3.3. Synthesis of the terminal tungsten(VI) nitride complex 19-W.
3.2 RESULTS AND DISCUSSION
3.2.1 Synthesis of NW(N[t-Bu]Ar)3
In an attempt to develop a nitride-containing tungsten precursor that reacts productively with
(Et2O)Li(N[t-Bu]Ar), a reproducible albeit ill-defined method for synthesizing 19-W from cis-
WCl4(DME) was found (Scheme 3.3). Treating a suspension of WCl4(DME) in CH2Cl2 with
Me3SiN3 resulted in precipitation of a red-brown powder (A) that was isolated by filtering the
mixture through a glass frit. Subsequent removal of volatile materials from the filtrate under
reduced pressure yielded a brown powder (B). We have not been able to characterize either A or
B unambiguously, but B has proven useful for accessing 19-W, while A has not. Treatment of a
suspension of A in Et2O with (Et2O)Li(N[t-Bu]Ar) resulted only in the formation of HN(t-Bu)Ar.
However, a suspension of B in Et2O reacted with (Et2O)Li(N[t-Bu]Ar) to provide colorless 19-W
in low yields (∼ 5%, recrystallized; Scheme 3.3). Attempts were made to optimize the synthesis
of 19-W by varying the ratio of B to (Et2O)Li(N[t-Bu]Ar) and assaying the product distribution in
the crude reaction mixtures by 1H NMR spectroscopy. The ratio of B to (Et2O)Li(N[t-Bu]Ar) that
was found to be optimal for the production of 19-W was 1:3, suggesting that B may be suitably
formulated as mer-WNCl3(DME). The low yield for the synthesis of 19-W by this method is
perhaps unsurprising in light of the low yielding synthesis of NW(NPh2)3 from (WNCl3)4 and
Li[NPh2].
39
The spectroscopic features of 19-W are identical to those of 19-Mo, displaying characteristic
peaks at 6.62, 5.97, 2.02 and 1.66 ppm in the 1H NMR spectrum (benzene-d6). The latter two peaks
correspond to the meta-aryl methyl and N-tert-butyl substituents of the anilide ligands and were
particularly useful as spectroscopic handles when optimizing the synthesis of 19-W.
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Figure 3.3. ORTEP rendering of 19-W. Thermal ellipsoids are displayed at 50% probability; only
one of two crystallographically unique but chemically equivalent molecules of 19-W contained in the
asymmetric unit is shown; hydrogen atoms have been omitted for clarity.
The solid-state structure of 19-W was determined by single-crystal X-ray diffraction methods
and was found to be isostructural with 19-Mo. As with 19-Mo, the crystallographic data for 19-
W was particularly challenging both to solve and to refine.§ 19-W crystallizes in the monoclinic
space group Pna21 with two crystallographically independent but chemically equivalent molecules
per asymmetric unit (Figure 3.3). 19-W is a pseudo-tetrahedral complex, with the three N-tert-
butylanilide ligands oriented in a C3 fashion about the tungsten center, and the nitride ligand residing
in the apical position. The average W–Nnitride interatomic distance of 1.674(6) A˚ falls at the low
end of the range of known W−−N bonds43 and is slightly longer than the Mo–Nnitride distance of
1.658(5) A˚ in 19-Mo.44 The average W–Nanilide distance of 1.957(10) A˚ is essentially identical to
the average Mo–Nanilide distance of 1.964(4) A˚ in 19-Mo.
3.2.2 Cationic Tungsten(VI) Silyl- and Benzoyl-Substituted Imido Complexes
Despite the pitfalls that the synthesis of 19-W suffers from, it was consistently obtained in quantities
that were sufficient for exploring its chemistry. The reaction of nucleophilic terminal nitrido
complexes with alkyl or acyl electrophiles is a venerable method for the synthesis of alkyl- or
acylimido derivatives,34 and the tungsten(VI) imido salts [Me3SiNW(N[t-Bu]Ar)3][OTf] ([24-
W][OTf]) and [PhC(O)NW(N[t-Bu]Ar)3][OTf] [21-W][OTf] were readily obtained (Scheme 3.4).
The silylimido salt [24-W][OTf] was prepared by treating 19-W in CH2Cl2 with Me3SiOTf, and was
isolated by precipitation in 89% yield as a white powder. In attempting to access the benzoylimido
cation [21-W]+, it was found that less potent acylating reagents such as benzoyl chloride failed to
react with 19-W. This contrasts with the reactivity displayed by the related terminal nitride complex
§A more detailed description of the crystallographic issues encountered in solving and refining the structure of 19-W
can be found in Section 3.6 and may be the focus of a future publication.42
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NW(N[i-Pr]Ar)3, which upon treatment with acid chlorides generates transient five-coordinate
acylimido complexes of the form RC(O)NW(Cl)(N[i-Pr]Ar)3 en route to the elimination of an
organic nitrile and the formation of Cl(O)W(N[i-Pr]Ar)3 (Scheme 3.5).41 Complex [21-W][OTf]
can, however, be prepared in 89% isolated yield by treating 19-W with the potent electrophile
PhC(O)OTf, or in 62% isolated yield by treating the silylimido salt [24-W][OTf] with PhC(O)Cl
in the presence of a catalytic amount of pyridine. These synthetic routes mirror those developed to
access [21-Mo][OTf].44
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Scheme 3.4. Two synthetic routes to the benzoyl-substituted imido complex [21-W][OTf].
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Figure 3.4. ORTEP rendering of [21-W][OTf]. Thermal ellipsoids are displayed at 50% probability;
hydrogen atoms and one co-crystallized molecule of THF have been omitted for clarity.
Complex [21-W][OTf] crystallized from a CH2Cl2/Et2O solution as yellow plates, allowing for
structural investigation by single crystal X-ray crystallographic methods (Figure 3.4). No close
contacts are observed between the complex cation [21-W]+ and the triflate anion, a consequence of
the steric protection conferred by the N-tert-butylanilide ligands. Decreasing the steric demands
imparted by the ancillary anilide ligand allows for the isolation of the related five-coordinate
tungsten(VI) imido complex CF3C(O)NW(N[i-Pr]Ar)3(O2CCF3) (Scheme 3.5). This analogue of
[21-W][OTf] is obtained upon treatment of NW(N[i-Pr]Ar)3 with trifluroroacetic acid anhydride
(TFAA).41 The benzoylimido ligand in [21-W]+ is coordinated to the tungsten center in a linear
fashion (C4–N4–W1 = 175.49(17)◦), as is typically observed in highly oxidized early-metal imido
complexes.33,34 The W–Nimido interatomic distance of 1.791(18) A˚ is ca. 0.12 A˚ longer than the W–
Nnitride distance in 19-W, and is consistent with the triple bond nature of a linear imido ligand.
The solid-state structure of the silylimido complex [24-W][OTf] was not determined, but it is
presumed to be similar to the structurally characterized molybdenum congener [Me3SiNMo(N[t-
Bu]Ar)3][OTf] ([24-Mo][OTf]).
45
3.2.3 Synthesis and Reactivity of a Siloxy-Substituted Ketimide Complex
Reduction of [21-W][OTf] with magnesium anthracene followed by treatment with Me3SiOTf
enabled isolation of a green, highly lipophilic solid that is formulated as the low-spin tungsten(IV)
ketimide derivative Ph(Me3SiO)CNW(N[t-Bu]Ar)3 (22-W; Scheme 3.6). An uncommon example
of a siloxy-substituted ketimide complex, 22-W is reproducibly obtained in high yield (93%) and
purity ( 95%, as assessed by 1H NMR spectroscopy). The pronounced lipophilicity of 22-W has to
date prevented its isolation in a crystalline form, and thus unambiguous structural characterization
and combustion analysis remain elusive. Support for its formulation comes in part from the fact that
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Scheme 3.6. Synthesis of the phenyl(siloxy)-substituted ketimide complex 22-W.
22-W is prepared by the same synthetic protocol used in the synthesis of the recently reported and
structurally characterized molybdenum congener Ph(Me3SiO)CNMo(N[t-Bu]Ar)3 (22-Mo), noting
as well that 22-W and 22-Mo display similar spectroscopic features.29
In contrast to 22-Mo, we have yet to find reactions of 22-W that lead to the production of
benzonitrile and 23-W. Treatment of 22-W with reagents such as ZnCl2, SnCl2, AlCl3, AlBr3, AlI3,
GeCl2(1,4-dioxane), Pb(OTf)2, or TFAA all result in consumption of 22-W and formation of a
complex mixture of as-yet-unidentified and intractable products that includes free HN(t-Bu)Ar. No
free benzonitrile was ever observed in these reaction mixtures, as assayed by 1H NMR and IR
spectroscopies.
3.2.4 Thermochemical calculations of nitrile elimination
The factors underlying the differing reactivity profiles of 22-Mo and 22-W are not immediately
obvious. Insight was gained by employing DFT to model the unimolecular fragmentation of
Ph(Cl)C=NM(N[Me]Ph)3 (25-M; M = Mo, W) to ClM(N[Me]Ph)3 (26-M) and PhCN (Figure
3.6). While nitrile extrusion from either 22-Mo or 22-W does not occur spontaneously, the
reaction depicted in Figure 3.6 is meant to serve as a simplified representation of benzonitrile
elimination from 22-M, one that can be readily addressed by DFT methods. The phenyl(chloro)-
substituted ketimide complex 25-M was modelled as a closed-shell (S = 0) species with C1
symmetry. An S = 0 electronic spin state and an “up-down-sideways” orientation for the
anilide ligands in 25-M is consistent with the solid-state and electronic structural features of
known molybdenum phenyl(thiolato)-, phenyl(selenolato)-, phenyl(telurolato)-, and phenyl(siloxy)-
substituted complexes of molybdenum.29,30,46 Both S = 0 and S = 1 electronic spin states were
considered for the metal(IV) chloride product 26-M. The known molybdenum(IV) chloride complex
23-Mo has a triplet (S = 1) electronic configuration.
The DFT optimized structures of 25-W and 26-W (S = 0, 1) were nearly identical to those
calculated for M = Mo (shown in Figure 3.5 for M = W). For 26-M, psuedo-Cs and pseudo-C3
optimized structures are obtained depending on the input geometry and total electronic spin. In the
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Figure 3.5. DFT optimized structures of 25-W (left) and 26-W (S = 0, center; S = 1, right)
case of 26-M, a pseudo-Cs structure results in non-degenerate metal-based dxz and dyz orbitals and
thus preferentially stabilizes a low-spin electronic configuration for a d2 metal center. Conversely,
a pseudo-C3 structure preserves degeneracy of the dxz/dyz set and enforces a high-spin electronic
configuration.
As shown in Figure 3.6, elimination of benzonitrile from 25-Mo to provide 26-Mo is almost
thermoneutral (S = 0: +1.7 kcal mol−1; S = 1: +2.0 kcal mol−1). The same process for M = W
is enthalpically uphill by ca. 11 kcal mol−1, regardless of whether 26-W is considered as a low- or
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Figure 3.6. Calculated relative energies of stationary points on the potential energy surface for
benzonitrile elimination from the closed-shell model 26-M (M = Mo, W). Both singlet and triplet
electronic configurations of 26-M are shown. Energy values listed in blue are for M = Mo; energy
values listed in red are for M = W. All values are reported in kcal mol−1.
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high-spin complex. This suggests that the tungsten system may not be thermodynamically disposed
to completing a synthetic cycle involving nitrile extrusion from a siloxy-substituted ketimide
precursor. This speculative statement is tempered by the observation that the reactions with 22-
W described in Section 3.2.3 all resulted in consumption of 22-W. It may simply be that under the
conditions that were explored other reactivity pathways are available to 22-W that are not productive
for the formation of benzonitrile and a tungsten(IV) (pseudo)halide derivative.
3.2.5 The Parent Ketimide Complex H2CNW(N[t-Bu]Ar)3
The ability to functionalize the terminal nitride ligand of 19-W allowed for the synthesis of
several imido and ketimide complexes. The colorless methylimido complex [CH3NW(N[t-
Bu]Ar)3][I] ([27-W][I]) was prepared in nearly quantitative yield (98%) by dissolving 19-W in
neat iodomethane. The methylimido ligand in [27-W][I] displays sufficient Brønsted acidity such
that dehydrohalogenation of [27-W][I] is readily achieved by the addition of a base. Accordingly,
treatment of [27-W][I] with the bulky base Li[N(SiMe3)2] led to clean formation of the low-
spin tungsten(IV) parent ketimide complex H2CNW(N[t-Bu]Ar)3 (28-W), which was isolated in
78% yield as a dark purple solid following separation of LiI and crystallization from Et2O. These
reactions are depicted in Scheme 3.7.
The 1H NMR spectrum of [27-W][I] in chloroform-d displays broad singlets assigned to the
o-aryl protons of the anilide ligands. A broad resonance associated with the o-aryl protons is a
spectroscopic feature observed in all of the cationic tungsten(VI) imido complexes presented herein,
and is associated with a coalescence phenomenon that reflects the conformational rigidity of the
anilide ligands when bound to a cationic center. The 13C{1H} NMR spectrum of [27-W][I] in
chloroform-d shows a peak at 58.5 ppm that was assigned to the methylimido ligand. On conversion
to the parent ketimide complex 28-W, the 13C{1H} NMR spectroscopic signal associated with the
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Scheme 3.7. Synthesis of the methylimido complex 27-W and the parent ketimide complex 28-W.
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Figure 3.7. ORTEP rendering of [27-W]+. Thermal ellipsoids are displayed at 50% probability;
only one of two crystallographically unique but chemically equivalent [27-W]+ ions contained in the
asymmetric unit is shown; hydrogen atoms other than those bound to C4, three co-crystallized molecules
of THF, and the iodide counteranion have been omitted for clarity; hydrogen atoms at C4 are shown at
calculated positions.
N-functionalized ligand shifts downfield to 138.6 ppm, consistent with rehybridizing of the N-bound
carbon from sp3 to sp2.
The solid-state structures of [27-W][I] and 28-W were determined using single-crystal X-ray
diffraction methods, and are shown in Figures 3.7 and 3.8. The most salient comparisons to
make between these two structures are the metrical parameters associated with imido and ketimide
ligands. The imido ligand in [27-W]+ is linear (W4–N4–C4 = 179.4(3)◦) and the N4–C4 distance
of 1.438(5) A˚ is typical of a N–C single bond. The W1–N4 distance is 1.709(3) A˚, only 0.035 A˚
W1
N1 N3
N2
N4
C4
Figure 3.8. ORTEP rendering of 28-W. Thermal ellipsoids are displayed at 50% probability; hydrogen
atoms other than those bound to C4 have been omitted for clarity; hydrogen atoms at C4 are shown at
calculated positions.
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Figure 3.9. Qualitative representations of the σ (bottom) and pi (middle and top) bonding interaction
between the d2 tungsten(IV) center and the ketimide ligand of 28-W.
longer than the W–Nnitride distance in 19-W. The ketimide ligand in 28-W is also linear (W4–N4–
C4 = 178.4(4)◦) and the N4–C4 distance of 1.317(6) A˚ is consistent with a slightly elongated C–N
double bond. Notably, the W1–N4 distance of 1.765(4) A˚ is shorter than a formal W–N single bond.
This fact may be illustrated by comparing the W1–N4 distance in 28-W to the average W–Nanilide
distances in [27-W]+ (1.932(2) A˚) and 28-W (1.958(2) A˚). The short W4–N1 distance in 28-W may
be attributed to multiple bonding interactions between the tungsten center and the ketimide ligand
(Figure 3.9). A typical Lewis structural depiction of 28-W easily reveals a W–Nketimide σ-bond as
the primary W1–N4 interaction, leaving an electron pair on the tungsten(IV) center and another
electron pair on the ketimide nitrogen. The nitrogen-based lone pair constructively interacts with
a vacant tungsten-based d-orbital of pi-symmetry, while in the perpendicular plane the metal-based
electron pair engages the ketimide pi∗-system in a classic backbonding interaction. In addition to
creating the short W1–N4 interatomic distance, this combination of σ and pi interactions yields
a reactive ketimide ligand that may be exploited for the synthesis of new substituted imido and
ketimide derivatives, as is discussed in the next section.
3.2.6 Complexes Derived from H2CNW(N[t-Bu]Ar)3
The tungsten–ketimide pi-bonding interactions that typify 28-W (vide supra) result in the
accumulation of charge density at the ketimide carbon and impart nucleophilic character at this
site. This nucleophilic character was exploited in the synthesis of cationic tungsten(VI) imido
derivatives of the form [R′CH2NW(N[t-Bu]Ar)3][X] (29-W: R′ = SiMe3, X = OTf; 30-W: R′ =
PPh2, X = AlCl4). Treatment of 28-W with Me3SiOTf resulted in immediate loss of the deep purple
color associated with 28-W. The silylmethyleneimido salt [29-W][OTf] was isolated in 96% yield
by precipitating the product from solution upon addition of n-pentane and isolating the precipiate
by filtering the mixture through a medium frit. In a similar fashion, the phosphinylmethyleneimido
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Scheme 3.8. Addition of electrophiles followed by treatment with a Brønsted base provides a method
for preparing substituted derivates of 28-W. Shown are syntheses of the silyl- and phosphinyl-substituted
imido complexes [29-W][OTf] and [30-W][AlCl4], as well as the corresponding substituted imido
complexes 31-W and 32-W derived therefrom.
salt [30-W][AlCl4] was isolated in 84% yield by treating 28-W with the phosphenium synthon
[Ph2P][AlCl4], which was generated in situ by treating Ph2PCl with AlCl3.47
As with the methylimido salt [27][I], the substituted imido derivatives [29][OTf] and
[30][AlCl4] are Brønsted acidic and are deprotonated upon addition of a base. Thus, the substituted
imido complexes R′(H)CNW(N[t-Bu]Ar)3 (31-W: R′ = SiMe3; 32-W: R′ = PPh2) were prepared
by treating the corresponding substituted imido salt with Li[N(SiMe3)2] and were isolated by
crystallization in 46% and 32% yield respectively. These reactions are summarized in Scheme
3.8. The low yields for 31-W and 32-W are attributed to the fact both complexes were isolated from
small-scale reactions.
It must be noted that the chemistry leading from 19-W to 28-W was first delineated with the Mo-
system.45 The parent ketimide complex H2CNMo(N[t-Bu]Ar)3 (28-Mo) was prepared from 19-Mo
via a protocol that is identical to the one described in Section 3.2.5. Furthermore, it was shown
that treatment of 28-Mo with iodomethane provides the cationic ethylimido derivative [EtNMo(N[t-
Bu]Ar)3][I]. Though the chemistry of this latter complex was not explored, it is presumed that
treatment of [EtNMo(N[t-Bu]Ar)3][I] with an appropriate base would effect dehydrohalogenation
and formation of the methyl-substituted ketimide complex Me(H)CNMo(N[t-Bu]Ar)3. Extending
this line of reasoning, there is no obvious reason why the Mo-congener of the silyl- or phospinyl-
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Figure 3.10. ORTEP rendering of [30-W][AlCl4]. Thermal ellipsoids are displayed at 50% probability;
hydrogen atoms other than those bound to C4 have been omitted for clarity; hydrogen atoms at C4 are
shown at calculated positions.
substituted ketimide complexes 31-W or 32-W could not be prepared using the methods described
herein.
Crystals of [30-W][AlCl4] were obtained from a benzene-d6 solution of [30-W][AlCl4],
allowing for a determination of its solid-state structure using single-crystal X-ray diffraction
methods (Figure 3.10). The W4–N4 distance (1.730(2) A˚) and the N4–C4 distance (1.442(3)
A˚), along with the nearly linear W4–N4–C4 angle (170.93(17)◦) are typical for tungsten(VI)
methylimido derivatives. The P1–C4 distance (1.878(2) A˚) is consistent with a P–C single bond.48
The 31P{1H} NMR shift of −8.72 ppm for the phosphinyl substituent of the ketimide ligand is
typical of a sp3-hybridized tris(hydrocarbyl)phosphorus(III) center.49 The crystal structure of [29-
W][OTf] was not determined, but it is also assumed to be typical of a tungsten(VI) substituted
methylimido derivative.
The solid-state structures of the substituted ketimide derivatives 31-W and 32-W were deter-
mined via single X-ray diffraction methods and are shown in Figures 3.11 and 3.12 respectively;
pertinent metrical parameters are summarized in Table 3.1. Ketimide complexes featuring heavier
main group substituents such as those found in 31-W and 32-W are rare. The phosphinyl-substituted
ketimide complex (i-Pr2N)2P(H)CNZrCp2Cl was prepared by hydrozirconation of (i-Pr2N)2PCN
with Cp2ZrHCl but was not the subject of structural investigation.
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Both 31-W and 32-W feature ketimide ligands that coordinate the tungsten(IV) center in a
nearly linear fashion. The observed interatomic distances for the ketimide moieties are consistent
with the bonding description outlined in Section 3.2.5. The C4–Si1 distance in 31-W is standard
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Figure 3.11. ORTEP rendering of 31-W. Thermal ellipsoids are displayed at 50% probability; hydrogen
atoms other than those bound to C4 have been omitted for clarity; the hydrogen atom at C4 is shown at
its calculated position.
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Figure 3.12. ORTEP rendering of 32-W. Thermal ellipsoids are displayed at 50% probability; hydrogen
atoms other than the one bound to C4 have been omitted for clarity; the hydrogen atom at C4 is shown
at its calculated position.
for a C–Si single bond. The C4–P1 distance in 32-W is consistent with single bond between a
phosphorus(III) center and sp2-hybridized carbon center.48 The geometry about P1 is pyramidal,
suggesting that there is no significant interaction between the ketimide pi∗ orbital and the lone pair
of electrons on P1. The 31P{1H} NMR spectroscopic shift for P1 in 32-W occurs at δ = −14.43
ppm, consistent with a sp3-hybridized tris(hydrocarbyl)phosphorus(III) center, absent of any C–P
pi-bonding character.49
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Table 3.1. Selected interatomic distances (A˚) and angles (deg) in the ketimide
complexes 28-W, 31-W, and 32-W.
W4–N4 N4–C4 C4–Xa avg. W–Nanilide W4–N4–C4
28-W 1.765(4) 1.316(6) --- 1.958(2) 178.4(4)
31-W 1.753(6) 1.349(9) 1.836(8) 1.967(3) 175.6(6)
32-W 1.7589(3) 1.3364(5) 1.7994(4) 1.9566(2) 172.20(3)
a Heteroatom bonded to the ketimide carbon.
3.2.7 Electronic Spectra of Tungsten(IV) Ketimide Derivatives
The ketimide complexes 22-W, 28-W, 31-W, and 32-W are all highly colored. Figure 3.13 presents
an overlay of the UV-vis spectra of these complexes; the major absorption bands found in these
spectra are summarized in Table 3.2. In all cases, the extinction coefficients are large enough that
the absorption features may be reasonably assigned as metal-to-ligand charge transfer bands arising
from transitions involving tungsten-based 5-d2 electrons. This interpretation is consistent with the
interpretations of the electronic spectra of 22-Mo and related Mo-based ketimide complexes.46
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Figure 3.13. UV-vis spectra of tungsten(IV) ketimide complexes.
3.3 CONCLUSIONS
The remarkable chemistry displayed by 16-Mo prompted an investigation into developing an
analogous tungsten-based system. The inability to directly access 16-W by simple reaction of
mer-WCl3(THF)3 with (Et2O)Li(N[t-Bu]Ar) necessitated a synthetic protocol that led directly to
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Table 3.2. UV-vis data for tungsten(IV) ketimide
complexes in Et2O solution.a
22-W 28-W 31-W 32-W
438 (8125) 491 (8107) 491 (6179) 477 (9269)
573 (4161) 576 (2824) 560 (2285) 545 (2464)
651 (5913) --- --- ---
a Data reported as λ(ε) in units of nm (M−1 cm−1).
the nitride complex 19-W. Such a protocol was discovered, though two significant challenges were
encountered. First, the synthesis of 19-W is hindered by low yields and an ill-defined intermediate
complex B. Second, with 19-W as the synthetic entry point, the non-trivial task of removing
the strongly-bound nitride ligand from 19-W in a manner that is not destructive to the tungsten
tris(anilide) fragment became a task of central focus.
The chemistry of 19-W was found to mirror that of 19-Mo, insofar as the requisite cationic
imido complex [21-W][OTf] and the ketimide derivative 22-W were obtained with relative ease.
Unfortunately, the key transformation involving elimination of benzonitrile from 22-W to form the
penultimate complex 23-W has yet to be realized. It is striking that under identical conditions the
chemistry of 19-Mo and 19-W differ as they do. Calculations on related model complexes suggested
that elimination of benzonitrile may not be thermodynamically favorable for 22-W. Despite this, the
successes that have been demonstrated for closing the synthetic cycle detailed in Scheme 3.2 when
M = Mo warranted evaluating this methodology for M = W.
An additional manner in which the chemistry of 19-W mirrored that of 19-Mo was in the
preparation of ketimide complexes by dehydrohalogenation of cationic methylimido complexes.
The synthesis of the parent ketimide complex 28-W and the nucleophilic character it displays
finds precedent in the corresponding Mo-based system. Extending the chemistry of the substituted
methylimido complexes [29-W][OTf] and [30-W][AlCl4] to that of synthons for the substituted
ketimide complexes 31-W and 32-W represents a contribution that is currently unique to the W-
based system. In furthering the search for transformations that lead from 19-W to 16-W, a desirable
advancement would be a synthetic protocol that provides 19-W in higher yield. This would facilitate
a more exhaustive canvassing of the reactivity of 22-W. This would also allow for a more expansive
exploration of substituted ketimide complexes like 31-W and 32-W, complexes that may provide
routes to derivatives related to 23-W or more desirably 16-W.
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3.4 EXPERIMENTAL DETAILS
3.4.1 General Considerations
All manipulations were carried out at room temperature (23 ◦C) under an atmosphere of purified
dinitrogen in a Vacuum Atmospheres MO-40M glove box or with a vacuum manifold using standard
Schlenk techniques. Celite 545 (EM Science) and 4 A˚ molecular sieves were dried via storage in a
225 ◦C oven for 24 h followed by complete desiccation under dynamic vacuum at 210 ◦C for 48 h
prior to use. Solvents were purified using a commercial Glass Contour solvent purification system
constructed by SG Water USA (Nashua, NH USA), and were stored over activated 4 A˚ molecular
sieves prior to use. Chloroform-d, benzene-d6, and dichloromethane-d2 were obtained from
Cambridge Isotope Laboratories, Inc. (Andover, MA USA); chloroform-d and benzene-d6 were
vacuum distilled from CaH2, degassed with two freeze-pump-thaw cycles, and stored over activated
4 A˚ molecular sieves prior to use. Azidotrimethylsilane, benzoyl chloride, and iodomethane were
vacuum transferred and stored under dinitrogen prior to use. All other reagents were obtained from
commercial suppliers and used as received. All glassware was oven-dried at a temperature of 225
◦C prior to use.
Solution 1H, 13C{1H}, 31P{1H}, and 19F{1H} NMR spectra were recorded on Varian Mercury-
300 or Varian Inova-500 spectrometers at 20 ◦C. All 1H and 13C NMR spectra were referenced
internally to residual solvent (C6D5H in C6D6, 7.16; CHCl3 in CDCl3, 7.27; CHDCl2 in CDCl2,
5.32; C6D6, 127.39; CDCl3, 77.36; CD2Cl2, 54.00 ppm). All
19F{1H} NMR spectra were
referenced externally to neat CFCl3 (0 ppm). All
31P{1H} NMR spectra were referenced externally
to conc. H3PO4 (85%) All FTIR spectra were recorded on a Perkin-Elmer Model 2000 FT-
IR spectrophotometer using KBr plates. Electrospray Ionization (ESI) mass spectra (MS) were
recorded on a Bruker Daltronics APEXIV 4.7 FT-ICR Mass Spectrometer. Combustion analyses
were performed by H. Kolbe Mikroanalitisches (Mu¨lheim an der Ruhr, Germany) and Midwest
Microlabs, LLC (Indianapolis, IN USA).
3.4.2 Synthesis of NW(N[t-Bu]Ar)3 (19-W)
Step 1: Reaction of WCl4(DME) with Me3SiN3: To a magnetically stirred suspension of
WCl4(DME) (20.00 g, 48.10 mmol, 1 equiv) in CH2Cl2 (250 mL) was added Me3SiN3 (6.094 g,
52.89 mmol, 1.1 equiv) in CH2Cl2 (10 mL) via pipet over 5 min. The solution immediately began
to darken and effervesce. Once the evolution of gas subsided (ca. 10 min) the flask was capped with
a septum and the reaction mixture was allowed to stir for 4 h. The dark brown mixture was filtered
through a medium porosity sintered glass frit, leaving behind a precipitate on the frit that was dried
under reduced pressure to a fine, brick-red powder (A; 7.350 g; elem. anal., found: C, 9.93; H,
1.99; N, 4.82; Cl, 30.50). Volatile materials were removed from the filtrate under reduced pressure,
leaving a brown residue. Twice, toluene (15 mL) was added to the residue and then removed under
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reduced pressure. A fine brown powder remained and was scraped out of the flask (B; 8.873 g,
26.19 mmol, 46.7%, if taken to be pure mer-NWCl3(DME); elem. anal., found: C, 13.92; H, 2.24;
N, 4.21; Cl, 9.32). Step 2: Reaction of (Et2O)Li(N[t-Bu]Ar) with B: To a magnetically stirred,
thawing suspension of (Et2O)Li(N[t-Bu]Ar) (20.215 g, 78.55 mmol, 3 equiv) in Et2O (180 mL) was
added B (10.326 g, 26.17 mmol, 1 equiv). The mixture, milky-brown in color, darkened to black
within several minutes. The flask was capped with a septum and the solution stirred for 5 h. Solvent
was then removed under reduced pressure from the brown-black mixture. n-Hexane (50 mL) was
added to the resulting black oily material and was then removed under reduced pressure. The black
residue was extracted with n-pentane (250 mL) and the extract filtered through a Celite-padded frit.
Volatile materials were removed from the filtrate under reduced pressure and the resulting residue
dissolved in Et2O (35 mL). The ethereal solution was filtered through a Celite-padded frit and stored
at−35 ◦C. Brown microcrystals of NW(N[t-Bu]Ar)3 were obtained from this solution in two crops,
and were deemed pure by 1H NMR spectroscopy (1.871 g, 2.574 mmol, 9.8%). Recrystallization
of the isolated solids from Et2O provided the product as colorless crystals (0.819 g, 1.13 mmol,
4.3%). 1H NMR (500 MHz, benzene-d6): δ = 6.62 (s, 3H, p-ArH), 5.97 (s, 6H, o-ArH), 2.02 (s,
18H, m-ArCH3), 1.66 (s, 27H, C(CH3)3) ppm. 13C{1H} NMR (125.8 MHz, chloroform-d): δ =
147.67 (s, Ar), 137.24 (s, Ar), 129.23 (s, Ar), 127.86 (s, Ar), 61.24 (s, C(CH3)3), 33.02 (s, ArCH3),
21.43 (s, C(CH3)3) ppm. Anal. calcd. for C36H54N4W: C, 59.50; H, 7.49; N, 7.71%. Found: C,
59.62; H, 7.91; N, 8.37%.
3.4.3 Synthesis of [Me3SiNW(N[t-Bu]Ar)3][OTf] ([24-W][OTf])
A solution of Me3SiOTf (0.249 g, 1.12 mmol, 1.06 equiv) in CH2Cl2 (2 mL) was added dropwise
to a magnetically stirred solution of 19-W (0.767 g, 1.05 mmol, 1 equiv) in CH2Cl2 (8 mL). The
resulting solution was stirred for 30 min before all volatile materials were removed under reduced
pressure. The off-white residue thus obtained was dissolved in CH2Cl2 (2 mL). Dropwise addition
of Et2O (8 mL) resulted in formation of an off-white precipitate, [Me3SiNW(N[t-Bu]Ar)3][OTf],
which was isolated on a medium frit, washed with n-pentane (10 mL) and dried under reduced
pressure (0.900 g, 0.948 mmol, 89%). 1H NMR (300 MHz, chloroform-d): 7.05 (s, 3H, p-ArH),
6.71 (br s, 3H, o-ArH), 4.49 (br s, 3H, o-ArH), 2.20 (br s, 18H, m-ArCH3), 1.31 (s, 27H, C(CH3)3),
0.71 (s, 9H, Si(CH3)3) ppm. 13C{1H} NMR (75.5 MHz, cloroform-d): 143.95 (s, Ar), 139.05 (s,
Ar), 131.14 (s, Ar), 128.97 (s, Ar), 66.41 (s, NC(CH3)3), 32.07 (s, NC(CH3)3), 21.74 (s, ArCH3),
3.14 (s, Si(CH3)3) ppm. Anal. calcd. for C40H63F3N4O3SSiW: C, 50.63; H, 6.69; N, 5.90%.
Found: C, 50.94; H, 6.68; N, 6.21%.
3.4.4 Synthesis of [PhC(O)NW(N[t-Bu]Ar)3][OTf] ([21-W][OTf])
Method A: A solution of PhC(O)OTf (0.343 g, 1.349 mmol, 1 equiv) in CH2Cl2 (3 mL) at −35
◦C was added dropwise to a scintillation vial loaded with a magnetically stirred solution of 19-
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W (0.9777 g, 1.345 mmol, 1 equiv) in CH2Cl2 (8 mL) at −35 ◦C. The initially colorless solution
rapidly assumed a golden yellow color and was allowed to stir for 1 h at ambient temperature,
whereupon the solution was concentrated to 2 mL and cooled to −35 ◦C. Cold pentane (8 mL, −35
◦C) was added dropwise to the rapidly stirred reaction mixture, effecting precipitation of a yellow
solid. The precipitate was collected on a medium porosity sintered glass frit and washed with cold n-
pentane until the washings ran clear. Removal of residual solvent from the precipitate under reduced
pressure afforded the product [PhC(O)NW(N[t-Bu]Ar)3][OTf] as a yellow powder (1.110 g, 1.132
mmol, 84%). Method B: Neat benzoyl chloride (100 µL, 0.861 mmol, 1.02 equiv) was added via a
microliter syringe to a stirred solution of 19-W (0.800 g, 0.843 mmol, 1 equiv) in CH2Cl2 (10 mL).
The mixture was stirred for 2 min before neat pyridine (13.5 µL, 0.167 mmol, 0.2 equiv) was added
by microliter syringe. The mixture assumed a deep orange color and was stirred for 2 h before it
was concentrated to one-third of its initial volume. The product, [PhC(O)NW(N[t-Bu]Ar)3][OTf],
was precipitated from solution via addition of n-pentane (10 mL). The product was collected on
a medium frit and dried of residual solvent under reduced pressure (0.510 g, 0.520 mmol, 62%).
X-ray quality crystals were grown from a THF solution of [PhC(O)NW(N[t-Bu]Ar)3][OTf] layered
with n-pentane. 1H NMR (300 MHz, dichloromethane-d2): δ = 8.32 (m, 2H, m-Ph), 7.83 (m, 1H,
p-Ph), 7.71 (m, 2H, o-Ph), 7.14 (s, 3H, p-ArH), 5.73 (br s, 6H, o-ArH), 2.25 (s, 18H, m-ArCH3),
1.35 (s, C(CH3)3) ppm. 13C{1H} NMR (75.47 MHz, dichloromethane-d2): δ = 173.22 (s, PhC(O)),
144.14 (s, Ar), 139.78 (s, Ar or Ph, height of peak implies two overlapping signals), 135.97 (s, Ar
or Ph), 131.97 (s, Ar or Ph), 131.48 (s, Ar or Ph), 129.97 (s, Ar or Ph), 128.48 (s, Ar or Ph), 70.61
(s, C(CH3), 31.93 (s, ArCH3), 21.77 (s, C(CH3)) ppm; the
13C{1H} NMR resonance for the triflate
carbon was not located. 19F NMR (282.3 MHz, dichloromethane-d2): δ = −79.12 ppm. ESI-MS:
831.42 mz . Anal. calcd. for C44H59F3N4O4SW: C, 53.88; H, 6.06; N, 5.71%. Found: 53.20, H,
5.44; N, 5.88%.
3.4.5 Synthesis of Ph(Me3SiO)CNW(N[t-Bu]Ar)3 (22-W)
Solid Mg(anthracene)(THF)3 (0.5333 g, 1.273 mmol, 1.3 equiv) was added to a 150 mL flask
containing a magnetically stirred solution of [21-W][OTf] (0.961 g, 0.9797 mmol, 1 equiv) in Et2O
(40 mL) at −35 ◦C. The mixture assumed a deep purple color within seconds and was allowed to
stir for 25 min at ambient temperature, whereupon it was filtered through a Celite-padded frit that
had been pre-wet with Et2O. After washing the filter cake with a small volume of Et2O, the filtrate
was transferred to a fresh 150 mL flask. The filtrate was frozen in a cold well bathed in liquid
nitrogen. The filtrate was allowed to thaw, and once magnetic stirring became feasible, a solution of
Me3SiOTf (0.2071 g, 0.9318 mmol, 0.95 equiv) in thawing Et2O (8 mL) was introduced dropwise.
A color change from purple to forest green occurred within 10 min. The solution was allowed to
warm to room temperature with continuous stirring for 4 h. Volatile materials were removed from
the reaction mixture under reduced pressure, and the resulting green residue was extracted with n-
pentane (50 mL). The extract was frozen in the cold well and, as the extract thawed, it was filtered
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through a Celite-padded frit to remove Mg(OTf)2 and anthracene. The filter cake was washed with
thawing n-pentane. The combined filtrate was then stripped of all volatile materials under reduced
pressure. The solid that remained, Ph(Me3SiO)CNW(N[t-Bu]Ar)3, was obtained as a deep green
powder (0.784 g, 0.866 mmol, 93%). The 1H NMR spectrum of the isolated material indicates
that the product is obtained in high purity (generally, ca. 95%). Common impurities include small
amounts of NW(N[t-Bu]Ar)3 and/or HN(t-Bu)Ar. 1H NMR (300 MHz, benzene-d6): 7.39 (t, 2H,
Ph), 6.75 (br s, 6H, o-ArH ), 6.67 (s, 3H p-ArH), 6.19 (br s, 2H, Ph), 6.01 (m, 1H, Ph), 2.20 (s,
18H, m-ArCH3), 1.30 (br s, 27H, C(CH3)3), 0.36 (s, 9H, Si(CH3)3) ppm. UV-vis (Et2O): λ(ε) =
438 (8125); 573 (4161); 651 (5913) nm (M−1 cm−1).
3.4.6 Synthesis of [CH3NW(N[t-Bu]Ar)3][I] ([27-W][I])
Neat CH3I (ca. 4.5 mL) was added to a pre-weighed scintillation vial containing a magnetic stir
bar and 19-W (0.4680 g, 0.644 mmol). The resulting yellow solution was allowed to magnetically
stir for 5 h at ambient temperature. Removal of excess CH3I under reduced pressure yielded an
off-white powder. n-Pentane (3 mL) was added to this solid, forming a suspension that was allowed
to stir for 5 min. All volatile materials were then removed under reduced pressure, affording the
product [MeNW(N[t-Bu]Ar)3][I] as a white powder (0.5460 g, 0.629 mmol, 98%). 1H NMR (300
MHz, chloroform-d): 6.99 (s, 3H, p-ArH), 5.62 (br s, 6H, o-ArH), 5.14 (s, 3H, NCH3), 2.14 (s,
18H, m-ArCH3), 1.24 (s, 27H, C(CH3)3) ppm. 13C{1H} NMR (126 MHz, chloroform-d): 142.43
(s, Ar), 138.98 (s, Ar), 131.01 (s, Ar), 129.09 (s, Ar), 67.63 (s, NC(CH3)3) 58.48 (s, NCH3), 32.09
(s, NC(CH3)3), 21.49 (ArCH3) ppm. ESI-MS: 741.41
m
z . Anal. calcd. for C37H57IN4W: C, 51.16;
H, 6.61; N, 6.45%. Found: 51.07, H, 6.91; N, 5.54%.
3.4.7 Synthesis of H2CNW(N[t-Bu]Ar)3 (28-W)
A solution of [27-W][I] (0.500 g, 0.674 mmol, 1 equiv) in THF (10 mL) at −35 ◦C was added
dropwise, over the course of 5 min, to a magnetically stirred solution of Li[N(SiMe3)2] (0.118 g,
0.705 mmol, 1.05 equiv) in THF (5 mL) at −35 ◦C. An immediate change in color to deep purple
was observed. The reaction mixture was allowed to stir for 1 h at ambient temperature before all
volatile materials were removed under reduced pressure. The purple solids that remained were
extracted with pentane (20 mL) and the extract was filtered through a Celite-padded frit to remove
a colorless solid (presumably LiI). Removal of volatile materials from the filtrate under reduced
pressure left a purple solid which was then dissolved in Et2O (3 mL). The product, H2CW(N[t-
Bu]Ar)3, was obtained as deep purple, almost black crystals (0.389 g, 0.499 mmol, 78%) by storing
the ethereal solution overnight at −35 ◦C. 1H NMR (500 MHz, benzene-d6): δ = 6.67 (s, 3H, p-
ArH), 6.12 (s, 6H, o-ArH), 3.93 (s, 2H, NCH2), 2.09 (s, 18H, m-ArCH3), 1.47 (s, 27H, C(CH3)3)
ppm. 13C{1H} NMR (126 MHz, benzene-d6): δ = 148.15 (s, Ar), 138.62 (s, NCH2), 137.85 (s,
Ar), 130.22 (s, Ar), 129.47 (s, Ar), 64.02 (s, C(CH3)3), 32.79 (s, C(CH3)3), 21.82 (ArCH3) ppm.
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UV-vis (Et2O): λ(ε) = 491 (8107); 576 (2824) nm (M−1 cm−1). Anal. calcd. for C37H56N4W: C,
60.00; H, 7.62; N, 7.56%. Found: C, 60.15; H, 7.81; N, 7.98%.
3.4.8 Synthesis of [Me3SiCH2NW(N[t-Bu]Ar)3][OTf] ([29-W][OTf])
A solution of Me3SiOTf (0.048 g, 0.216 mmol, 1 equiv) in THF (1.5 mL) at −35 ◦C was added
dropwise to a stirred, purple solution of 28-W (0.157 g, 0.211 mmol, 1 equiv) in THF (2.5 mL)
at −35 ◦C. The purple color of 28-W was immediately lost. The solution was allowed to stir
for 30 min while warming to room temperature. The product was precipitated from solution by
concentrating the reaction mixture to one-third of its initial volume, followed by addition of cold
(−35 ◦C) n-pentane. The product, [Me3SiCH2NW(N[t-Bu]Ar)3][OTf], was isolated on a medium
porosity sintered glass frit, then dried under reduced pressure and obtained as an off-white powder
(0.197 g, 0.205 mmol, 96%). 1H NMR (300 MHz, chloroform-d): δ = 7.02 (s, 3H, p-ArH), 5.62 (br
s, 6H, o-ArH), 5.37 (s, 2H, NCH2Si(CH3)3), 2.17 (s, 18H, m-ArCH3), 1.27 (s, 27H, C(CH3)3), 0.42
(s, 9H, NCH2Si(CH3)3) ppm.
13C{1H} NMR (75.5 MHz, chloroform-d): 143.34 (s, Ar), 138.93 (s,
Ar), 130.98 (s, Ar), 129.13, (s, Ar), 70.76 (s, NCH2SiMe3) 67.56 (s, C(CH3)3), 32.11 (s, C(CH3)3),
21.57 (s, ArCH3), −0.04 (Si(CH3)3) ppm. 19F NMR (282 MHz, chloroform-d): −78.18 ppm. ESI-
MS: 813.45 mz . Anal. calcd. for C41H65F3N4O3SSiW: C, 51.14; H, 6.80; N, 5.82%. Found: C,
50.90; H, 6.88; N, 6.07%.
3.4.9 Synthesis of [Ph2PCH2NW(N[t-Bu]Ar)3][AlCl4] ([30-W][AlCl4])
A scintillation vial equipped with a magnetic stir bar was loaded with AlCl3 (0.069 g, 0.518 mmol,
1 equiv) and placed in a cold well bathed in liquid nitrogen for 10 min. The vial was transferred
to a magnetic stir plate and a solution of Ph2PCl (0.115 g, 0.521 mmol, 1 equiv) in thawing Et2O
(4 mL) was rapidly added to this vial. The resulting mixture was stirred for 1 min. To this mixture
was then added a purple solution of 28-W (0.384 g, 0.514 mmol, 1 equiv) in thawing Et2O (14 mL)
over 5 min, refreezing both solutions midway through the course of the addition. The purple color
of H2CNW(N[t-Bu]Ar)3 rapidly gave way to a faintly yellow solution with a colorless suspended
precipitate. This mixture was allowed to stir for 1 h as it warmed to ambient temperature, whereupon
the volume was reduced to ca. 5 mL under reduced pressure. The concentrated mixture was cooled
to −35 ◦C and the precipitate was isolated via filtration through a medium porosity sintered glass
frit. The precipitate was washed with cold Et2O (2 × 5 mL, −35 ◦C) and dried under reduced
pressure. The product, [Ph2PCH2NW(N[t-Bu]Ar)3][AlCl4], was obtained as a free-flowing white
solid (0.476 g, 0.435 mmol, 85%). 1H NMR (300 MHz, chloroform-d): δ = 7.66 (t, 4H, Ph), 7.51
(m, 6H, Ph), 7.03 (s, 3H, p-ArH), 6.18 (s, 2H, NCH2PPh2), 5.75 (br s, 6H, o-ArH), 2.18 (s, 18H,
m-ArCH3), 1.22 (s, 27H, C(CH3)3) ppm. 13C{1H} NMR (75.5 MHz, chloroform-d): δ = 143.32 (s,
Ar), 139.04 (s, Ar, height of peak implies multiple overlapping signals), 134.48 (d, JCP = 14 Hz, Ph),
133.59 (d, JCP = 21 Hz, Ph), 130.91 (d, JCP = 48 Hz, Ph), 129.61 (d, JCP = 7 Hz, Ph), 128.99 (s, Ar)
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67.89 (s, NC(CH3)3), 32.22 (s, NC(CH3)3), 21.62 (s, ArCH3) ppm; the
13C{1H} NMR resonance
for the phosphinyl-substituted carbon was not located. 31P{1H} NMR (122 MHz, chloroform-d):
δ = −8.72 ppm. ESI-MS: 925.45 mz . Anal. calcd. for C49H66AlCl4N4PW: C, 53.76; H, 6.07; N,
5.12%. Found: C, 53.96; H, 6.55; N, 5.19%.
3.4.10 Synthesis of Me3Si(H)CNW(N[t-Bu]Ar)3 (31-W)
This compound was prepared in a manner analogous to 28-W: from [24-W][OTf] (0.175 g, 0.182
mmol, 1 equiv) in THF (4 mL) and Li[N(SiMe3)2] (0.033 g, 0.197 mmol, 1.08 equiv) in THF (8
mL); the product Me3Si(H)CNW(N[t-Bu]Ar)3 was isolated as deep purple crystals (0.069 g, 0.084
mmol, 46%) from a solution in Et2O at −35 ◦C. 1H NMR (500 MHz, benzene-d6): 6.67 (s, 3H, p-
ArH), 6.09 (s, 6H, o-ArH), 5.12 (s, 1H, N=C(H)Si(CH3)3), 2.08 (s, 18H, m-ArCH3), 1.45 (s, 27H,
C(CH3)3), 0.56 (s, 9H, N=C(H)Si(CH3)3) ppm. 13C{1H} NMR (126 MHz, benzene-d6): 147.90 (s,
Ar), 137.79 (s, Ar), 130.34 (s, Ar), 64.03 (s, C(CH3)3), 32.72 (s, C(CH3)3), 21.82 (s, ArCH3), 5.76
(Si(CH3)3) ppm. The 13C{1H} NMR resonances for one amide-based aryl carbon and the ketimide
carbon were not located and are presumed to be obscured by the benzene-d6 signal. UV-vis (Et2O):
λ(ε) = 491 (6179); 560 (2285) nm (M−1 cm−1). Anal. calcd. for C40H64N4SiW: C, 59.10; H, 7.94;
N, 6.89%. Found: C, 58.90; H, 7.55; N, 7.22%.
3.4.11 Synthesis of Ph2P(H)CNW(N[t-Bu]Ar)3 (32-W)
To a magnetically stirred solution of Li[N(SiMe3)2] (0.019 g, 0.114 mmol, 1 equiv) in cold THF
(−35 ◦C, 4 mL) was added a solution of [30-W][AlCl4] (0.123 g, 0.113 mmol, 1 equiv) in cold
THF (−35 ◦C, 4 mL) over a period of 2 min. The solution immediately adopted a burgundy color
and was allowed to stir for 2 h. Volatile materials were then removed under reduced pressure and
the resulting residue extracted with n-pentane (8 mL). The extract was filtered through a plug of
Celite, to remove a yellow precipitate. The filtrate was dried under reduced pressure. The residue
thus obtained was again extracted with n-pentane (8 mL). The extract was filtered through a plug
of Celite and was then brought to dryness under reduced pressure. The burgundy residue thus
obtained was dissolved in a minimum of n-pentane, and the resulting solution was filtered through
Celite. By storing the filtrate at −35 ◦C, the product, Ph2P(H)C−NW(N[t-Bu]Ar)3, was obtained
as a purple solid (0.033 g, 0.036 mmol, 32%). 1H NMR (300 MHz, benzene-d6): 7.90 (m, 4H,
Ph), 7.30 (m, 4H, Ph), 7.12 (m, 2H, Ph), 6.65 (s, 3H, p-ArH), 6.04 (s, 6H, o-ArH), 5.59 (d, 2JHP
= 5 Hz, 1H, NC(H)PPh2), 2.04 (s, 18H, m-ArCH3), 1.47 (s, 27H, C(CH3)3) ppm. 13C{1H} NMR
(75.5 MHz, benzene-d6): 151.37 (d, JCP =13 Hz, Ph), 147.55 (s, Ar), 140.04 (d, NC(H)Ph2), 137.99
(s, Ar), 133.79 (d, JCP = 15 Hz, Ph), 130.39 (s, Ar), 127.82 (s, Ar), 64.31, (s, C(CH3)3), 32.95
(s, ArCH3), 21.76 (s, C(CH3)3) ppm. The 13C{1H} NMR resonance for two phenyl-based carbons
were not located and are presumed to be obscured by the benzene-d6 signal. 31P{1H} NMR (122
MHz, benzene-d6): −14.43 ppm. UV-vis (Et2O): λ(ε) = 477 (9269); 545 (2464) nm (M−1 cm−1).
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MALDI-MS (m/z): 924.45 mz . Anal. calcd for C49H65N4PW: C, 63.63; H, 7.08; N, 6.06%. Found:
C, 62.20; H, 6.96; N, 6.51%.
3.5 COMPUTATIONAL DETAILS
3.5.1 General Considerations
All calculations were performed using the ADF release 2008.01 program suite.51 In all cases the
relativistic ZORA option was employed. ZORA basis sets of triple zeta quality with two added
polarization functions (TZ2P) in conjunction with large frozen core approximations were used for
all atoms. Geometry optimizations were carried out and energy differences determined using the
local density approximation of Vosko, Wilk, and Nusair (LDA VWN)52 together with the nonlocal
gradient corrections of Becke and Perdew (GGA BP86)53 for exchange and correlation respectively.
No molecular symmetry constraints were applied to the model systems. The geometry optimization
procedure was based on the method of Versluis and Ziegler.54 Optimized atomic coordinates may
be found in Appendix E.
3.6 CRYSTALLOGRAPHIC DETAILS
3.6.1 General Considerations
Low-temperature diffraction data were collected on a Siemens Platform three-circle diffractometer
coupled to a Bruker-AXS Smart Apex charge-coupled device (CCD) and a graphite-monochromated
Mo Kα radiation beam (0.71073 A˚). Diffraction data were collected by performing φ- and ω-scans.
All software used for diffraction data processing and crystal structure solution and refinement
are contained in the SAINT+ (v6.45) and SHELXTL (v6.14) program suites.55–58 The structures
were solved by either direct methods or Patterson methods, in conjunction with standard Fourier
difference techniques, and refined on F2 by full-matrix least-squares procedures. A semi-empirical
absorption correction was applied to the diffraction data for all structures. All non-hydrogen
atoms were refined anisotropically; all hydrogen atoms were placed at calculated positions refined
isotropically using a riding model. The isotropic displacement parameters of all hydrogen atoms
were fixed to 1.2 times the Ueq value of the atoms they are linked to (1.5 times for methyl groups).
In structures where disorders were present, the disorders were refined within SHELXL with the help
of rigid bond restraints as well as similarity restraints on the anisotropic displacement parameters
for neighboring atoms and on 1,2- and 1,3-distances throughout the disordered components.59,60
The relative occupancies of disordered components were allowed to refine freely. Thermal
ellipsoid plots were generated using the program PLATON.61 Complete crystallographic data for the
structurally characterized complexes presented in this chapter are available on the Reciprocal Net
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(http://www.reciprocalnet.org/).62 Summaries of crystallographic data for the structurally
characterized complexes presented in this chapter are given in Tables 3.3 and 3.4.
The procedures for handling samples in a typical X-ray diffraction experiment are described in
Section 1.6.1.
3.6.2 Details Regarding the X-Ray Structural Determination of NW(N[t-Bu]Ar)3
The crystal used for diffraction data collection on 19-W was not single. Repeated recrystallizations
did not yield a better crystal and all attempts to parameterize the non-singularity of the crystal as
a non-merohedral twin failed. In addition, the selected crystal was found to be a racemic twin;
the twin ratio refined to 0.513(16). Furthermore, one of the two crystallographically independent
molecules displayed whole-molecule disporder. The two components were refined with the help
of similarity restraints on 1-2 and 1-3 distances and displacement parameters as well as rigid bond
restraints for anisotropic displacement parameters for all atoms involved. In addition, planarity
restraints were used for all aromatic rings of the disordered molecule, and approximate isotropic
behavior within 0.04 A˚3 was assumed for all atoms of the minor component of the whole-molecule
disorder. The relative occupancy of the major component refined to 0.519(2) and a comparison of
the two components reveals that one component is the mirror image of the other. Interestingly, the
other of the two independent molecules does not appear to be affected by disorder at all.
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APPENDIX A
A Bimetallic Uranium Dicarbide Complex:
Synthesis, Structure, and Bonding
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A.1 INTRODUCTION
The organometallic chemistry of linear Cn chains is a rich and expanding area of research.1
Transition metal dicarbide complexes have been studied within the context of small-molecule
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activation related to Fischer-Tropsch chemistry,2,3 and linear conjugated polyyne complexes of the
form LxM–(C−−C)n–M′L′y (n ≥ 2) have been extensively explored as models for exotic conjugated
carbon allotropes and as “molecular wires” for use in miniaturized electronic devices and nanoscale
technologies.4 Linear Cn ligands are currently finding applications in uranium chemistry as well.
Ligands based on the conjugated polyethynylbenzene motif have been used to assess intramolecular
magnetic communication between uranium centers in di- and tri-metallic complexes.5 Synthesis
and catalysis with uranium(IV) acetylide complexes has been realized for a range of useful
transformations, including the dimerization, oligomerization, hydroamination, and hydrosilation
of alkynes.6,7 At the forefront of the nuclear energy industry, the ceramic binary dicarbide UC2 is
being tested as a core material in TRISO fuel pebbles for Generation IV Very High Temperature
(pebble bed) nuclear reactors.8,9
Relevant to current themes in uranium science, yet absent from the literature, are complexes
built upon a {U–(C−−C)n–U} core. Herein we report the synthesis of such a species as obtained in
the course of exploring the organometallic chemistry of uranium tris(anilide) systems.10–13
A.2 RESULTS AND DISCUSSION
A.2.1 Synthesis of the Bimetallic Dicarbide Complex (µ,η1:η1-C2)(U(N[t-Bu]Ar)3)2
Addition of sodium acetylide (NaCCH, 1.2 equiv) to a THF solution of mustard-colored IU(N[t-
Bu]Ar)3 (1; Ar = 3,5-Me2C6H3)10 and further stirring for 24 h resulted in a change in the color of
the mixture to dark red-brown. Following the separation of NaI and excess sodium acetylide by
filtration, the removal of volatile materials under reduced pressure, and the addition of n-pentane,
the bimetallic µ-dicarbide complex (µ,η1:η1-C2)(U(N[t-Bu]Ar)3)2 (33) was isolated by filtration in
26% yield as a red-brown precipitate.
Two possible routes by which 33 is formed under these conditions are readily envisioned (Fig.
A.1). The one-to-one reaction of NaCCH with 1 may initially yield the parent acetylide complex
(HCC)U(N[t-Bu]Ar)3 (34) by salt elimination, whereupon two equivalents of 34 react to to eliminate
acetylene and form 33. The related uranium(IV) parent acetylide complex Cp3U(CCH) (Cp = η5-
cyclopentadienyl) has been reported,14 but it seems unlikely on steric grounds that two equivalents
of putative 34 would spontaneously eliminate acetylene. Alternatively, the two-to-one reaction
of NaCCH with 1 may yield the the monometallic anionic dicarbide complex Na[(η1-C2)U(N[t-
Bu]Ar)3] (Na[35]) via salt elimination and subsequent deprotonation of transiently-formed 34.
Subsequent salt elimination from 1 and Na[35] would then yield 33. Anionic metal dicarbide
complexes have been prepared by deprotonation of the corresponding metal acetylide derivatives
with alkyllithium reagents.1
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Scheme A.1. Two possible routes for the formation of 33 from 1
The 1H NMR spectrum of 33 in benzene-d6 features four peaks occurring in the range of +12 to
−22 ppm, indicating a single N-tert-butylanilide ligand environment. Along with the absence of any
peak assignable to an ethynyl hydrogen, the 1H NMR spectrum of 33 is consistent with a product
containing a µ-dicarbide that symmetrically bridges two uranium centers. No bands associated with
a C−−C oscillator were observed in the IR spectrum of 33 (KBr, thin film). The Raman spectrum
of 33, however, displays an intense band at ν = 1904 cm−1 (Fig. A.1) that has been assigned to the
symmetric stretching mode of the dicarbide ligand. This is lower in energy than the symmetric νCC
normal mode in free acetylene (1973 cm−1)15 but it is within the range observed for d0 transition-
metal µ-dicarbide complexes.1
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Figure A.1. Raman spectrum of 33.
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Figure A.2. ORTEP rendering of 33. Thermal ellipsoids are presented at 50% probability. Hydrogen
atoms, one molecule of co-crystallized Et2O, and one molecule of co-crystallized THF have been
omitted for clarity.
A.2.2 X-ray Crystal Structure of (µ,η1:η1-C2)(U(N[t-Bu]Ar)3)2
The spectroscopic features of 33 provide no direct information regarding the hapticity of the µ-
dicarbide ligand. Considering that orbital overlap in uranium–ligand interactions is far greater for
σ-bonds than for pi-bonds, the µ,η1:η1-C2 coordination mode should be most favorable.16,17 A
single-crystal X-ray diffraction experiment using crystals of 33 grown in THF/Et2O at −35 ◦C
was undertaken to address questions regarding the structure and bonding in 33 (Fig. A.2). Complex
33 crystallized in the orthorhombic space group C2221 with one-half of the total molecule contained
in the asymmetric unit. A crystallographic C2 axis resides perpendicular to the central C−−C bond
and relates both halves of the molecule. The dicarbide ligand in 33 indeed bridges the two uranium
centers in a symmetric end-on fashion. The U(1)–C(4)–C(4a) angle of 178.4(3)◦ illustrates the
nearly perfect linearity of the {U–C−−C–U} core. The U(1)–C(4) distance of 2.416(5) A˚ is typical
of a uranium–carbon single bond (avg. d(UIV–CH3) = 2.423 A˚).18 The C(4)–C(4a) distance of
1.227(10) A˚ is slightly longer that the C−−C distance in acetylene (1.203 A˚)19 and is similar to C−−C
distances found in molecular uranium(IV) acetylides.14,20–22
The structure of the binary dicarbide UC2 has been determined several times at various
temperatures using powder neutron diffraction methods, revealing a tetragonally distorted NaCl-
type structure from 5–2038 K that is analogous to the structure of CaC2.23–27 At 5 K, UC2 displays
a C–C distance of 1.346(1) A˚, a U–C distance of 2.321(1) A˚ along the tetragonally distorted c-axis
containing the linear (–U–C2–U–C2–)∞ array, and a U–C distance of 2.576(1) A˚ connecting the C2
unit to the uranium centers occupying the adjacent interstices.24,27 The notably long C–C distance
in UC2 has been explained as a consequence of the C–C pi∗-orbital being electronically populated
as a participant in an occupied conduction band, or alternatively by viewing UC2 as a structurally
ordered alloy of U0 and neutral doubly-bonded C2 units. In contrast, the spectroscopic and structural
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Figure A.3. Selected singly occupied molecular orbitals of 36. Orbitals are labelled by number,
symmetry, and spin; orbital energies (eV) are listed in parentheses. The top four orbitals are those
that are highest in energy and house the metal-based non-bonded electrons. The bottom four orbitals are
associated with C–C pi-bonding in the dicarbide ligand; the corresponding spin-β orbitals 67A-β, 66A-β,
66B-β, and 65B-β are not shown.
features of 33 strongly argue against any significant degree of backbonding from uranium into a C–C
pi∗ orbital.
A.2.3 Electronic Structure of (µ,η1:η1-C2)(U(N[Me]Ph)3)2
A calculation performed at the density functional theory level (TZ2P/ZORA/BP86)28 on the C2-
symmetric model complex (µ,η1:η1-C2)([U(N[Me]Ph)3)2 (36) with a quintet (S = 2) electronic
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configuration provided an optimized structure that agrees reasonably well with that of 33 (d(C−−C)
= 1.262 A˚; d(U–C) = 2.314 A˚; avg. d(U–Nanilide) = 2.238 A˚). The calculated C−−C distance in 36
is slightly shorter and the U–C distance is slightly longer than the corresponding distances in 33,
which may be a consequence of the truncated ligand set. The symmetric C−−C stretch is predicted to
occur at ν = 1806 cm−1 (uncorrected).29 The frontier molecular orbital region in 36 is characterized
by a high density of molecular orbitals that are of primarily f -orbital parentage. In this regard, the
frontier region of 36 resembles that of the bimetallic µ-nitride complex (µ-N)[U(N[t-Bu]Ar)3]2.13 In
36, four unpaired electrons reside in nearly degenerate and non-bonding metal-based orbitals. These
singly-occupied molecular orbitals display no U–C pi-character, and are more then 1 eV higher in
energy than the next-highest occupied molecular orbitals. This further supports the notion that 33
lacks U–C multiple bonding character.
A.3 CONCLUSIONS
Complex 33 is an example of a molecular uranium dicarbide that has been isolated and structurally
characterized. Notably, in investigating the reaction of laser-ablated uranium atoms with acetylene
under matrix-isolation conditions, Andrews and co-workers observed η2-acetylene pi-complexation
to uranium and U-atom insertion into the acetylene C–H bond.30 The uranium dicarbide complex
HU(µ,η1:η1-C2)UH may have formed in course of this reaction, but it would have gone unnoticed
because the matrix-isolated products were characterized by IR spectroscopy.
A.4 EXPERIMENTAL DETAILS
A.4.1 General Considerations
All manipulations were carried out at room temperature (23 ◦C) under an atmosphere of purified
dinitrogen in a Vacuum Atmospheres MO-40M glove box or with a vacuum manifold using standard
Schlenk techniques. Celite 545 (EM Science) and 4 A˚ molecular sieves were dried via storage in
a 225 ◦C oven for 24 h followed by complete desiccation under dynamic vacuum at 210 ◦C for
48 h prior to use. Solvents were purified using a commercial Glass Contour solvent purification
system constructed by SG Water USA (Nashua, NH USA), and were stored over activated 4 A˚
molecular sieves prior to use. Benzene-d6 and chloroform-d was obtained from Cambridge Isotope
Laboratories, Inc. (Andover, MA USA). Prior to use, benzene-d6 distilled from CaH2, degassed
with two freeze-pump-thaw cycles, and stored over activated 4 A˚ molecular sieves. Na[CCH] was
obtained from Aldrich as an 18% (w/w) suspension in xylene/mineral oil. Prior to use, the Na[CCH]
was washed with copious amounts of n-pentane and dried under reduced pressure to remove the
hydrocarbon oil. The uranium(IV) iodide complex IU(N[t-Bu]Ar)3 was prepared according to the
literature method.10 All glassware was oven-dried at a temperature of 225 ◦C prior to use.
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Solution 1H, 13C{1H}, and 15N NMR spectra were recorded on Varian Mercury-300 or Varian
Inova-500 spectrometers at 20 ◦C. 1H and 13C{1H} NMR spectra were referenced internally to
residual solvent (C6D5H in C6D6, 7.16 ppm; C6D6, 128.29 ppm; CHCl3 in CDCl3, 7.27 ppm;
CDCl3, 77.23 ppm). Raman spectra were collected at an excitation frequency of 785 nm via 180
reflectance through the 10× objective of a Kaiser Optics Raman microscope. Infrared spectra were
acquired using a Nicolet 6700 FT-IR spectrophotometer. Combustion analyses were performed by
Columbia Analytical Laboratory (Santa Fe, NM USA).
Caution! All isotopes of uranium are radioactive. The work described
herein utilized depleted uranium, which is composed primarily of 238U,
an α-emitter (t1/2 = 4.468×109 yr; 4.196 MeV) that also undergoes
spontaneous fission (t1/2 = 8.30×1015 yr; 4.149 MeV).31 Utmost care
must be exercised when planning, executing, and dismantling any
experiments that utilize uranium-containing materials. Experiments
must only be performed in a well-ventilated fume hood or in an inert
atmosphere glove box.32 The uranium-contaminated chemical waste
stream must be segregated from other waste streams and must be disposed
of through the MIT Radiation Protection Office (http://web.mit.
edu/environment/ehs/radiation.html).
A.4.2 Synthesis of (µ,η1:η1-C2)(U(N[t-Bu]Ar)3)2 (33)
A solution of IU(N[t-Bu]Ar)3 (0.549 g, 0.612 mmol, 1 equiv) in THF (10 mL) was added to solid
Na[CCH] (0.034 g, 0.708 mmol, 1.2 equiv). The resulting mixture was allowed to stir overnight at
ambient temperature. The mixture was then filtered through a plug of Celite and volatile materials
were removed from the filtrate under reduced pressure. n-Hexane (5 mL) was added to and
subsequently removed under reduced pressure from the residue that remained. Toluene (10 mL)
was added and the resulting solution was filtered through a plug of Celite. Volatile materials were
removed from the filtrate under reduced pressure. n-Pentane (5 mL) was added to the resulting
residue, creating a suspension of the product (µ,η1:η1-C2)(U(N[t-Bu]Ar)3)2. The suspension was
cooled to −35 ◦C and the product was isolated by filtering the suspension through a medium frit.
The isolated red-brown solids were washed with n-pentane (3 mL) and dried under reduced pressure
(0.125 g, 26%). 1H NMR (300 MHz, benzene-d6): δ = 11.90 (s, 27H, NC(CH3)3), −3.03 (s, 3H,
p-ArH), −7.86 (s, 18H, m-ArCH3), −21.26 (s, 6H, o-ArH) ppm. Anal. calcd. for C74H108N6U2:
C, 57.06; H, 6.99; N, 5.39%. Found: C, 56.92; H, 6.84; N, 5.13%. Single crystals of (µ,η1:η1-
C2)(U(N[t-Bu]Ar)3)2 were grown from a Et2O/THF solution at −35 ◦C.
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A.5 COMPUTATIONAL DETAILS
A.5.1 General Considerations
All calculations were performed using the ADF release 2009.01 program suite.28 In all cases the
relativistic ZORA option was employed. ZORA basis sets of triple zeta quality with two added
polarization functions (TZ2P) in conjunction with large frozen core approximations were used for
all atoms. Geometry optimizations were carried out and energy differences determined using the
local density approximation of Vosko, Wilk, and Nusair (LDA VWN)33 together with the nonlocal
gradient corrections of Becke and Perdew (GGA BP86)34 for exchange and correlation respectively.
The geometry optimization procedure was based on the method of Versluis and Ziegler.35 Bond
multiplicity values were calculated as implemented in ADF 2007.01. Optimized atomic coordinates
may be found in Appendix E.
A.6 CRYSTALLOGRAPHIC DETAILS
A.6.1 General Considerations
Low-temperature diffraction data were collected on a Siemens Platform three-circle diffractometer
coupled to a Bruker-AXS Smart Apex charge-coupled device (CCD) and a graphite-monochromated
Mo Kα radiation beam (0.71073 A˚). Diffraction data were collected by performing φ- and ω-scans.
All software used for diffraction data processing and crystal structure solution and refinement
are contained in the SAINT+ (v6.45) and SHELXTL (v6.14) program suites.36–39 The structure
was solved using direct methods in conjunction with standard Fourier difference techniques, and
refined on F2 by full-matrix least-squares procedures. A semi-empirical absorption correction
was applied to the diffraction data. All non-hydrogen atoms were refined anisotropically; all
hydrogen atoms were placed at calculated positions refined isotropically using a riding model. The
isotropic displacement parameters of all hydrogen atoms were fixed to 1.2 times the Ueq value
of the atoms they are linked to (1.5 times for methyl groups). Disorders were refined within
SHELXL with the help of rigid bond restraints as well as similarity restraints on the anisotropic
displacement parameters for neighboring atoms and on 1,2- and 1,3-distances throughout the
disordered components.40,41 The relative occupancies of disordered components were allowed to
refine freely. Thermal ellipsoid plots were generated using the program PLATON.42 Complete
crystallographic data for the structurally characterized complex presented in this chapter is available
on the Reciprocal Net (http://www.reciprocalnet.org/).43 A summary of the crystallographic
data for the structurally characterized complex presented in this chapter is given in Table A.1.
The procedures for handling samples in a typical X-ray diffraction experiment are described in
Section 1.6.1.
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Table A.1. Crystallographic data for the structure presented in
this chapter.
33·{(Et2O)0.5(THF)0.5}
Reciprocal Net code 09128
Empirical formula C78H117N6OU2
Formula weight (g mol−1) 1630.84
Temperature (K) 100(2)
Wavelength (A˚) 0.71073
Crystal system Orthorhombic
Space group C2221
Unit cell dimensions (A˚, deg) a = 17.1923(13), α= 90
b = 124.0034(19), β= 90
c = 20.6647(16), γ= 90
Volume (A˚3) 8527.8(11)
Z 4
Density (calculated) (Mg m−3) 1.27
Absorption coefficient (mm−1) 3.833
F(000) 3276
Crystal size (mm3) 0.23×0.21×0.20
Theta range for collection (deg) 1.76 to 26.97
Index ranges −23≤ h≤ 33
−33≤ k ≤ 33
−29≤ l ≤ 28
Reflections collected 84322
Independent reflections 11996 [Rint = 0.0650]
Completeness to θmax (%) 99.4
Absorption correction Semi-empirical from equivalents
Max. and min. transmission 0.5144 and 0.4726
Refinement method Full-matrix least-squares on F2
Data / restraints / parameters 11996/523/448
Goodness-of-fita 1.202
Final R indices [I > 2σ(I)b R1 = 0.0411,wR2 = 0.0954
R indices (all data)b R1 = 0.0497,wR2 = 0.0982
Largest diff. peak and hole (e A˚−3) 1.733 and −2.081
a GooF =
[
Σ[w(F2o −F2c )2]
(n−p)
] 1
2 b R1 =
Σ||Fo|−|Fc||
Σ|Fo| ; wR2 =
[
Σ[w(F2o −F2c )2
Σ[w(F2o )2]
] 1
2 ;
w = 1σ2(F2o )+(aP)2+bP
; P = 2F
2
c +max(F
2
o ,0)
3
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B.1 INTRODUCTION
The terminal, anionic niobium phosphide (P3−) complex Na[PNb(N[Np]Ar)3] (Na[37]) has served
as a platform for the construction of multiply bonded, phosphorus-containing moieties as both
complexed ligands and free entities.1–5 Exemplifying the latter is the synthesis of phosphaalkynes
(RC−−P) and ONb(N[Np]Ar)3 (38) by treatment of Na[37] with acid chlorides (RC(O)Cl), a
reaction that proceeds with NaCl elimination and formation of a thermally unstable yet isolable
metallacyclic acylphosphinidene intermediate of the form RC(O)PNb(N[Np]Ar)3 (Scheme B.1,
top).2 We envisioned that a similar method could be employed to synthesize new transition-metal
phosphide complexes, given the availability of a suitable reaction partner for Na[37]. The tungsten
oxide/chloride complex Cl(O)W(N[i-Pr]Ar)3 (39) was identified as an attractive candidate for this
experiment.6 In a reaction similar to the synthesis of phosphaalkynes from Na[37], complex 39 is
prepared by treating the corresponding nitride complex NW(N[i-Pr]Ar)3 (40) with pivaloyl chloride
(t-BuC(O)Cl), and is quantitatively obtained as a blood-red highly lipophilic solid of sufficient
purity for further synthetic studies (Scheme B.1, bottom).6 We hypothesized that 39 would behave
as an “inorganic acid chloride,” first engaging Na[41] by elimination of NaCl. With subsequent
intermetal exchange of phosphide and oxide ligands, the niobium oxide complex 38 would be
generated as well as the new terminal phosphide complex PW(N[i-Pr]Ar)3 (41). Several examples
of installing multiply bonded ligands (oxide, imide, and alkylidene) by intermetal ligand exchange
have been reported;7–16 herein, this concept is extended to the terminal phosphide functional group.
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Scheme B.1. Top, synthesis of phosphalkynes from Na[37] and acid chlorides; bottom, synthesis of
nitriles from 40 and acid chlorides.
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B.2 RESULTS AND DISCUSSION
B.2.1 Synthesis of PW(N[i-Pr]Ar)3
Our hypothesis was tested by treating a yellow-orange ethereal solution of Na[41] with a red,
ethereal solution of 39 at −35 ◦C, following in situ preparation of 39 from 40 and removal of t-
BuCN. Upon stirring for two hours at 22 ◦C, an orange-brown homogeneous solution was obtained.
Following solvent removal under reduced pressure the product mixture was dissolved in benzene-
d6. The 1H NMR spectrum of the product mixture revealed clean formation of 38 and a single new
N-isopropylanilide ligand environment. The 31P{1H} NMR spectrum (Figure B.1) contained only
one feature, a singlet at very low field strength (δ = 1021 ppm), flanked by a pair of satellites (1JPW
= 193 Hz). This spectrum is consistent with a terminal phosphide ligand coupled to a 183W nucleus
(I = 12 , 14.3% natural abundance).
17 Separation of 41 from NaCl was trivial; however, separation of
41 from co-product 38 at first proved difficult, owing to their similar solubility properties. This was
initially overcome by applying the Pasteur method, whereby mixtures of crystalline 38 and 41 were
manually separated.18
A more efficient method of separating 41 from co-product 38 was achieved by in situ conversion
of 38 to the bis(triflate) derivative (TfO)2Nb(N[Np]Ar)3 (42) a complex that is only sparingly
soluble in common hydrocarbon solvents.2 Thus, treatment of a 1:1 mixture of 38 and 41 in Et2O
with neat triflic anhydride (Tf2O, 1 equiv) at room temperature resulted in a color change from
orange-brown to yellow-brown over several minutes as a yellow precipitate formed. Following
solvent removal under reduced pressure, the product mixture was dissolved in benzene-d6. The
1H NMR spectrum of the product mixture revealed clean and selective production of 42, with 41
1024 1023 1022 1021 1020 1019 ppm
δ = 1021 ppm
Figure B.1. 31P{1H} NMR spectrum (122 MHz, benzene-d6) of 41.
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and the separate reaction that takes 42 back to Na[37].
remaining unperturbed. The 31P{1H}NMR spectrum displayed only the downfield signal associated
with 41, confirming its role as a spectator in this reaction. A one-pot procedure for the synthesis
and isolation of 41 was achieved wherein precipitate 42 is separated simply by filtration (Scheme
B.2). By this method, spectroscopically pure 42 was isolated in 92% yield as a golden precipitate,
and spectroscopically pure 41 was isolated as orange blocks in 66% yield following overnight
crystallization from Et2O at −35 ◦C.
B.2.2 X-ray Structural Features of PW(N[i-Pr]Ar)3
X-ray structural analysis of 41 confirmed its monomeric formulation and the terminal disposition
of the phosphide ligand (Figure B.2). In the solid state, 41 is found to be isostructural to its
molybdenum congener PMo(N[i-Pr]Ar)3,19 crystallizing in the orthorhombic space group P212121
with two independent molecules per asymmetric unit. The W–P distances of the two independent
molecules are 2.119(3) A˚ and 2.122(3) A˚, values that agree well with metal–phosphide distances
observed in previously reported terminal phosphide complexes.19–22
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Figure B.2. ORTEP rendering of 41. Thermal ellipsoids presented at 50% probability; hydrogen atoms
have been omitted for clarity.
B.2.3 On the Mechanism of the Formation of PW(N[i-Pr]Ar)3
Other routes to terminal phosphide complexes include metathesis of phosphaalkynes with [W2(O-t-
Bu)6],23–25 ancillary ligand exchange at an existing terminal metal phosphide moiety,22 activation
of P4 to yield complexed phosphide as a terminal ligand either directly or via intermediate bimetallic
complexes containing µ-P1 or µ,η2,η2-P2 ligands,1,2,19,20,26,27 and by treating (N3N)WCl (N3N =
[(Me3SiNCH2CH2)3N]3−) with either LiP(H)Ph (2 equiv) or LiP(SiMe3)2 (2 equiv).21,28 Complete
inter-metal exchange of a phosphide ligand represents a new addition to this list. Increasing the
attractiveness of the method described herein is the fact that 42 can be converted easily to the
niobaziridine-hydride complex [Nb(H)(η2-t-Bu(H)C−NAr)(N[Np]Ar)2], from which the niobium
phosphide reagent Na[56] is ultimately derived.2,4
DFT calculations were performed on a heterobimetallic model intermediate in order to further
understand the process by which Na[37] and 39 combine to exchange phosphide and oxide
ligands. The optimized structure of the model intermediate (Ph[Me]N)3Nb(µ-O)(µ-P)W(N[i-
Pr]Ar)3 contains an unsymmetrical Nb(µ-O)(µ-P)W core (Figure B.3). The short W–P distance
of 2.22 A˚ and long W–O distance of 2.05 A˚ are suggestive of an already significant W–P multiple
bond interaction and near complete transfer of the oxide ligand to the niobium center. Moreover,
collapse of this model intermediate to the corresponding niobium oxo complex ONb(N[Me]Ph)3
and 41 is calculated to be exothermic by 22 kcal mol−1. Attempts to observe such an intermediate
via low temperature 31P{1H} NMR spectroscopy were unsuccessful.
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Figure B.3. Optimized structure of the model intermediate (Ph[Me]N)3Nb(µ-O)(µ-P)W(N[i-Pr]Ar)3.
Selected bond lengths shown in A˚.
B.2.4 Functionalization of PW(N[i-Pr]Ar)3 with a Diphenylphosphenium Synthon
Initial reactivity studies of 41 revealed its low nucleophilic character, exemplified by a lack of
reaction with Me3SiOTf (1 equiv) in Et2O, CH2Cl2, or benzene-d6 for extended periods and at
elevated temperatures. We were, however, able to productively exploit this observation with the
construction of an η2-bound phosphanylphosphinidene complex.29–32 Thawing solutions of 41 and
Me3SiOTf (1 equiv) in Et2O and PClPh2 in Et2O were combined and allowed to stir for 3 h
(Scheme B.3). Over this time, the solution warmed to 22 ◦C and an orange solid slowly precipitated.
Recrystallization of the precipitate from THF/n-pentane at−35 ◦C provided the cationic orange η2-
diphenylphosphanylphosphinidene complex [(η2-Ph2PP)W(N[i-Pr]Ar)3][OTf] ([43][OTf]) in 85%
yield. Formation of [43][OTf] likely proceeds by the reaction of weakly nucleophilic 41 with an
electrophilic phosphenium species generated by the reaction of Me3SiOTf and PClPh2.33
The synthesis of [43][OTf] via Me3SiCl elimination closely relates to the synthesis of the
Group 5 η2-phosphanylphosphinidene complexes (η2-R2PP)Nb(N[Np]Ar)3 (R = t-Bu, 44tBu; Ph,
44Ph),1 and complements the work of Fritz and co-workers with their synthesis of Group 10 η2-
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Scheme B.3. Synthesis of [43][OTf]
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δ = 331.8 ppm
300 250 200 150 100 50 0 ppm
δ = 6.7 ppm
Figure B.4. 31P{1H} NMR spectrum (122 MHz, chloroform-d) of [43][OTf]
phosphanylphosphinidene complexes via t-Bu2PP group transfer.34–38 The 31P{1H}NMR spectrum
of [57][OTf] in chloroform-d contains two sets of doublets located at δ = 331.8 (Pα, phosphinidene)
and 6.7 (Pβ, phosphanyl) ppm with a large 1JPP coupling constant of 428 Hz that is suggestive
of multiple bonding between the phosphorus centers (Figure B.4).39 Additionally, satellites due
to coupling between 183W and 31P are observed for Pβ (72 Hz). Though such satellites are not
resolved for Pα, the W–Pα coupling constant cannot exceed the magnitude of the base width of the
31Pα NMR peak (44 Hz). Such remarkably low values for JPW may reflect low participation of the
phosphorus-based s-orbitals in the W–P interactions.17,21
B.2.5 X-ray Structural Features of [(η2-Ph2PP)W(N[i-Pr]Ar)3][OTf]
Salt [43][OTf] crystallizes in the triclinic space group P1 with and three THF molecules of
crystallization. The solid state structure of [43][OTf] shows the η2-interaction of the Ph2PP
fragment with the tungsten center (Figure B.5). No close contacts are observed between the
complex cation and triflate anion in [43][OTf]. The W1–P1 distance of 2.3312(9) A˚ and W1–P2
distance of 2.4981(9) in [43][OTf] are both approximately 0.09 A˚ shorter than analogous distances
observed in the related neutral complex 44Ph. The P1–P2 distance of 2.0873(12) in [43][OTf] is
approximately 0.014 A˚ longer than the analogous distance observed in 44Ph, and is approximately
0.12 A˚ shorter that expected for a P–P single bond.40 This further supports the view that the
Ph2PP ligand in [43][OTf] possesses multiple bond character. Taken together, the spectroscopic
and structural features of [43][OTf] point to a view of the bonding situation as that of a doubly
bonded phosphanylphosphinidene ligand complexed to a formally d2 tungsten(IV) center according
to the standard Dewar-Chatt-Duncanson model of pi-complexation.41,42
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Figure B.5. ORTEP rendering of the [43]+ ion in [43][OTf]. Thermal ellipsoids presented at 50%
probability; hydrogen atoms and co-crystallized THF molecules have been omitted for clarity.
B.3 CONCLUSIONS
This appendix describes a method for installing a terminal phosphide ligand through inter-metal
atom exchange. It is hoped that this methodology may make available terminal phosphide
complexes of metals for which they are not known; isolable terminal phosphide systems currently
are limited to Nb, Mo, and W. Additionally, an otherwise weakly nucleophilic terminal phosphide
complex has been functionalized by generating a reactive electrophile in its presence, furthering
the role of terminal phosphide complexes as platforms for the synthesis of complexed, phosphorus-
containing moieties.
B.4 EXPERIMENTAL DETAILS
B.4.1 General Considerations
All manipulations were carried out at room temperature (23 ◦C) under an atmosphere of purified
dinitrogen in a Vacuum Atmospheres MO-40M glove box or with a vacuum manifold using standard
Schlenk techniques. Celite 545 (EM Science) and 4 A˚ molecular sieves were dried via storage in
a 225 ◦C oven for 24 h followed by complete desiccation under dynamic vacuum at 210 ◦C for
48 h prior to use. Solvents were purified using a commercial Glass Contour solvent purification
system constructed by SG Water USA (Nashua, NH USA), and were stored over activated 4 A˚
molecular sieves prior to use. Chloroform-d, benzene-d6, and acetone-d6 were obtained from
Cambridge Isotope Laboratories, Inc. (Andover, MA USA); chloroform-d and benzene-d6 were
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vacuum distilled from CaH2, degassed with two freeze-pump-thaw cycles, and stored over activated
4 A˚ molecular sieves prior to use. Trifluoromethanesulfonic anhydride (Tf2O, Tf = CF3SO2) was
vacuum transferred and stored under dinitrogen prior to use. The complexes [Na(Et2O)][37] (Np
= neopentyl) and NW(N[i-Pr]Ar)3were prepared according to published procedures.1,6 All other
reagents were obtained from commercial suppliers and used as received. All glassware was oven-
dried at a temperature of 225 ◦C prior to use.
Solution 1H, 13C{1H}, and 31P{1H} NMR spectra were recorded on Varian Mercury-300 or
Varian Inova-500 spectrometers at 20 ◦C. 1H and 13C{1H} NMR spectra were referenced internally
to residual solvent (C6D5H in C6D6, 7.16 ppm; C6D6, 128.29 ppm; CHCl3 in CDCl3, 7.27 ppm;
CDCl3, 77.23 ppm). All 19F spectra were referenced externally to neat CFCl3 (0 ppm). 31P{1H}
NMR spectra were referenced externally to 85% H3PO4 (0 ppm). All spectra were recorded at 20
◦C. Electron impact (EI) and electrospray ionization (ESI) mass spectra (MS) were recorded on a
Bruker Daltronics APEXIV 4.7 FT-ICR Mass Spectrometer. Combustion analyses were performed
by Midwest Microlabs, LLC (Indianapolis, In USA).
Note: The synthesis of 41 and the in situ conversion of the co-product 38 was first demonstrated
by C. R. Clough. C. R. Clough also is responsible for the X-ray structural determination of 41. The
author is responsible for the optimized synthesis of 41 and all subsequent chemistry.
B.4.2 Synthesis of PW(N[i-Pr]Ar)3 (41)
To a stirred, colorless solution of 40 (0.945 g, 1.380 mmol, 1 equiv) in Et2O (10 mL) was added neat
t-BuC(O)Cl (170.0 µL, 1.380 mmol, 1 equiv) via a microliter syringe. The mixture immediately
assumed a blood-red color and was then allowed to stir for 3.5 h before all volatile material was
removed in vacuo, leaving a greasy red residue. Twice this residue was dissolved in n-hexane (10
mL) and volatile materials removed under reduced pressure, yielding a red solid that was placed
under dynamic vacuum for 10 h to ensure complete removal of t-BuCN. The remaining solids,
essentially pure 39, were dissolved in Et2O (14 mL). The solution was cooled to −35 ◦C and then
added dropwise to a yellow-brown solution of [Na(Et2O)][37] (1.093 g, 1.380 mmol, 1 equiv) in
Et2O (15 mL). This mixture was allowed to stir as it warmed to room temperature for 2 h. The
solvent was then removed in vacuo, yielding an orange-brown residue. Extraction with n-pentane
(15 mL) followed by filtration through Celite effected removal of NaCl and a small amount of fine,
black precipitate. After removing the solvent from the filtrate under reduced pressure, Et2O (15
mL) was added, creating an orange-brown solution which was then cooled to−35 ◦C. To the cooled
solution was added Tf2O (221.0 µL, 1.313 mmol, 0.95 equiv) via a microliter syringe, effecting
a color change from orange-brown to yellow-brown. The mixture was allowed to stir for 30 min
before solvent was removed under reduced pressure. To the residue that remained was added n-
hexane (10 mL), and then the solvent was removed in vacuo. Addition of n-pentane (10 mL) created
a suspension of golden precipitate in brown mother liquor. The precipitate was collected on a
medium porosity sintered glass frit, washed with a minimal amount of n-pentane, dried to constant
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mass, and identified by 1H NMR spectroscopy as pure 42 (1.158 g, 1.204 mmol, 92 %). The solvent
was removed from the filtrate under reduced pressure, yielding a residue that was then dissolved in
n-pentane (15 mL) and this solution then filtered through a plug of Celite. The solvent was removed
from the filtrate under reduced pressure, and the step-wise process of dissolution in n-pentane (15
mL), filtration through Celite, and removal of solvent in vacuo was repeated once to ensure complete
removal of 42. The residue thus obtained was dissolved in Et2O (6 mL) and filtered through a plug of
Celite. Overnight storage of this solution at −35 ◦C afforded the product as orange crystals, which
were isolated by decanting the mother liquor and drying in vacuo (0.641 g, 0.914 mmol, 66%, 3
crops). 1H NMR (300.1 MHz, benzene-d6): δ = 6.58 (s, 3H, p-ArH), 6.16 (s, 6H, o-ArH), 4.85
(sept, 3H, CH(CH3)2), 2.01 (s, 18H, m-Ar(CH3)2), 1.50 (d, 18H, CH(CH3)2) ppm.
13C{1H} NMR
(75.47 MHz, benzene-d6): δ = 148.09 (s, Ar), 136.96 (s, Ar), 127.64 (s, Ar), 126.81 (s, Ar), 69.70
(s, CH(CH3)2), 23.93 (s, m-Ar(CH3)2), 20.71 (s, CH(CH3)2) ppm.
31P NMR (121.5 MHz, benzene-
d6): δ = 1021.2 (s, 1JWP = 193.3 Hz) ppm. EI-MS: 701.31 (M·+) mz . Anal. Calcd for C33H48N3PW:
C, 56.47; H, 6.90; N, 5.99; found: C, 50.57; H, 6.74; N, 5.12. Satisfactory combustion (elemental)
analyses of PW(N[i-Pr]Ar)3were not obtained, despite repeatedly recrystallizing the sample prior to
combustion analysis. Multiple analyses revealed low carbon content. This may be due to formation
of undetectable tungsten carbide under combustion conditions.43
B.4.3 Synthesis of [(η2-Ph2PP)W(N[i-Pr]Ar)3][OTf] ([43][OTf])
To a thawing solution of Me3SiOTf (0.043 g, 0.193 mmol, 1 equiv) in Et2O (2 mL) was added
a thawing orange solution of 41 (0.131 g, 0.186 mmol, 1 equiv) in Et2O (4 mL). The solution
immediately assumed a faintly green color and was returned to the cold well until frozen again,
whereupon it was allowed to begin thawing and was then added dropwise to a thawing solution
of Ph2PCl (0.042 g, 0.190 mmol, 1 equiv) in Et2O (1 mL). This mixture was allowed to stir for 3
h, over which time it warmed to room temperature and an orange precipitate formed. The solvent
was then removed in vacuo followed by addition of n-pentane (5 mL), creating a suspension from
which the solvent was removed under reduced pressure. The orange powder thus obtained was
found to be only sparingly soluble in benzene and p-dioxane. The orange powder was dissolved
in a minimum amount of THF, forming an orange solution that was filtered through a plug of
Celite. The THF solution was carefully layered with n-pentane and the mixture stored at −35
◦C overnight, affording the product [(η2-Ph2PP)W(N[i-Pr]Ar)3][OTf] ([43][OTf]) as bright orange
crystalline blocks (0.164 g, 0.158 mmol, 85%, 2 crops). 1H NMR (300 MHz, choroform-d): δ =
7.33–7.48 (mult, 10H, Ph), 6.85 (s, 3H, p-ArH), 6.47 (s, 6H, o-ArH), 4.35 (sept, 3H, CH(CH3)2),
2.27 (s, 18H, m-Ar(CH3)2), 0.63 (d, 18H, CH(CH3)2) ppm. 13C{1H} NMR (75.5 MHz, CDCl3):
δ = 146.13 (s, Ar), 138.72 (s, Ar), 132.32 (d, Ph, JCP = 11.0 Hz), 132.10 (d, Ph, JCP = 3.4 Hz),
130.15 (s, Ar), 129.94 (d, ipso-Ph, 1JCP = 52.3 Hz), 129.22 (d, Ph, JCP = 12.6 Hz), 126.18 (s,
Ar), 68.26 (s, CH(CH3)2, 21.48 (s, m-Ar(CH3)2), 20.44 (s, CH(CH3)2) ppm. 31P{1H} NMR (122
MHz, chloroform-d): δ = 321.3 (d, Pα, 1JPP = 428 Hz, 1JWP ≤ 44 Hz), 6.249 (d, Pβ, 1JPP = 428
156
Hz, 1JWP = 72 Hz) ppm. ESI-MS (m/z): 886.36 (M+, calcd.); 886.36 (found). Anal. Calcd. for
C46H58N3F3O3P2SW: C, 53.34; H, 5.64; N, 4.06%; found: C, 48.66; H, 5.99; N, 3.65. Satisfactory
combustion (elemental) analyses of [43][OTf] was not obtained, despite repeatedly recrystallizing
the sample prior to combustion analysis. Multiple analyses revealed low carbon content. This may
be due to formation of undetectable tungsten carbide under combustion conditions.43
B.5 COMPUTATIONAL DETAILS
B.5.1 General Considerations
All calculations were performed using the ADF release 2004.01 program suite.44 In all cases the
relativistic ZORA option was employed. ZORA basis sets of triple zeta quality with two added
polarization functions (TZ2P) in conjunction with large frozen core approximations were used for
all atoms. Geometry optimizations were carried out and energy differences determined using the
local density approximation of Vosko, Wilk, and Nusair (LDA VWN)45 together with the nonlocal
gradient corrections of Becke and Perdew (GGA BP86)46 for exchange and correlation respectively.
No molecular symmetry constraints were applied to the model systems.
Optimized atomic coordinates for the models presented in this chapter may be obtained from
the electronic supporting information documents associated with the original publications
B.6 CRYSTALLOGRAPHIC DETAILS
B.6.1 General Considerations
Low-temperature diffraction data were collected on a Siemens Platform three-circle diffractometer
coupled to a Bruker-AXS Smart Apex charge-coupled device (CCD) and a graphite-monochromated
Mo Kα radiation beam (0.71073 A˚). Diffraction data were collected by performing φ- and ω-scans.
All software used for diffraction data processing and crystal structure solution and refinement
are contained in the SAINT+ (v6.45) and SHELXTL (v6.14) program suites.47–50 The structures
were solved by either direct methods or Patterson methods, in conjunction with standard Fourier
difference techniques, and refined on F2 by full-matrix least-squares procedures. A semi-empirical
absorption correction was applied to the diffraction data for all structures. All non-hydrogen
atoms were refined anisotropically; all hydrogen atoms were placed at calculated positions refined
isotropically using a riding model. The isotropic displacement parameters of all hydrogen atoms
were fixed to 1.2 times the Ueq value of the atoms they are linked to (1.5 times for methyl groups).
In structures where disorders were present, the disorders were refined within SHELXL with the help
of rigid bond restraints as well as similarity restraints on the anisotropic displacement parameters
for neighboring atoms and on 1,2- and 1,3-distances throughout the disordered components.51,52
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Table B.1. Crystallographic data for the structures presented in this chapter.
41 [43][OTf]·(THF)3
Reciprocal Net code 05140 06131
Empirical formula C33H48N3PW C58H82F3N3O6P2SW
Formula weight (g mol−1) 701.56 1252.12
Temperature (K) 100(2) 100(2)
Wavelength (A˚) 0.71073 0.71073
Crystal system Orthorhombic Triclinic
Space group P212121 P1
Unit cell dimensions (A˚, deg) a = 10.4856(7), α= 90 a = 114.3810(15), α= 64.677(2)
b = 10.9071(7), β= 90 b = 14.6413(14), β= 82.291(2)
c = 57.616(4), γ= 90 c = 15.5039(17), γ= 84.482(2)
Volume (A˚3) 6589.4(7) 2921.4(5)
Z 8 2
Density (calculated) (Mg m−3) 1.414 1.423
Absorption coefficient (mm−1) 3.579 2.128
F(000) 2848 1292
Crystal size (mm3) 0.12×0.08×0.08 0.22×0.22×0.08
Theta range for collection (deg) 0.71 to 28.34 1.54 to 29.62
Index ranges −13≤ h≤ 13 −19≤ h≤ 19
0≤ k ≤ 14 −20≤ k ≤ 20
0≤ l ≤ 76 −21≤ l ≤ 21
Reflections collected 114712 63917
Independent reflections 16406 [Rint = 0.0824] 16379 [Rint = 0.0554]
Completeness to θmax (%) 99.8 99.4
Absorption correction Semi-empirical from equivalents Semi-empirical from equivalents
Max. and min. transmission 0.7628 and 0.6733 0.8482 and 0.6518
Refinement method Full-matrix least-squares on F2 Full-matrix least-squares on F2
Data / restraints / parameters 16406/632/703 16379/0/679
Goodness-of-fita 1.275 1.065
Final R indices [I > 2σ(I)b R1 = 0.0741,wR2 = 0.1434 R1 = 0.0388,wR2 = 0.0971
R indices (all data)b R1 = 0.0808,wR2 = 0.1458 R1 = 0.0521,wR2 = 0.1055
Largest diff. peak and hole (e A˚−3) 2.606 and −3.683 4.063 and −2.808
a GooF =
[
Σ[w(F2o −F2c )2]
(n−p)
] 1
2 b R1 =
Σ||Fo|−|Fc||
Σ|Fo| ; wR2 =
[
Σ[w(F2o −F2c )2
Σ[w(F2o )2]
] 1
2 ; w = 1σ2(F2o )+(aP)2+bP ; P =
2F2c +max(F
2
o ,0)
3
The relative occupancies of disordered components were allowed to refine freely. Thermal
ellipsoid plots were generated using the program PLATON.53 Complete crystallographic data for the
structurally characterized complexes presented in this appendix are available on the Reciprocal Net
(http://www.reciprocalnet.org/).54 Summaries of crystallographic data for the structurally
characterized complexes presented in this appendix are given in Tables B.1.
The procedures for handling samples in a typical X-ray diffraction experiment are described in
Section 1.6.1.
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C.1 INTRODUCTION
The chemistry of metal-mediated reductive coupling of unsaturated substrates traces its roots to
Fittig, who in 1859 described the coupling of acetone to pinacol with sodium metal.1 Subsequent
work has significantly expanded the facility and scope of reductive coupling chemistry to the
extent that it now represents a general synthetic methodology of great utility in modern organic
synthesis.2–4
In the course of pursuing niobium chemistry unrelated to reductive coupling reactivity, a novel
example of reductive cyanide coupling was encountered. This appendix describes this serendipitous
discovery. The synthesis, structure, and spectroscopic features of the coupled product is presented,
and a mechanism based on DFT calculations for the reductive coupling reaction is proposed.
C.2 RESULTS AND DISCUSSION
C.2.1 Synthesis of the Cyanogen Complex (µ-η1,η1-NCCN)(Nb(N[Np]Ar)3)2
Stirring a purple-brown solution of the niobium(IV) triflate complex (TfO)Nb(N[Np]Ar)3 (45) and
solid NaCN in THF resulted in a gradual color change to orange-brown over ca. 18 h. An orange
powder was obtained in 91% yield following separation from NaOTf and precipitation from Et2O
(Scheme C.1). The 1H NMR spectrum of the isolated material revealed a set of resonances for
a single N-neopentylanilide ligand environment in a diamagnetic complex. The absence of any
paramagnetically shifted features immediately suggested that the expected niobium(IV) cyanide
complex (κC-CN)Nb(N[Np]Ar)3 (46) was not a component of the isolated material. Acknowledging
the highly reducing nature of low-valent early transition metal complexes and their ability to effect
the reductive coupling of unsaturated ligands,2,5–9 it was hypothesized that 46 had reductively
coupled cyanide to form the µ-cyanogen complex (µ,η1:η1-NCCN)(Nb(N[Np]Ar)3)2 (47). This
hypothesis was subsequently confirmed by X-ray crystallography, as well as Raman and NMR
spectroscopic analyses.
Nb
N N–Np
NAr
Np
Np
Ar Ar
OTf N[Np]Ar
Nb
N[Np]Ar
N[Np]ArAr[Np]N
Nb N
Ar[Np]N
Ar[Np]N
NC C
+ NaCN
THF
18 h
– NaOTf
47
91%
45
0.5
Scheme C.1. Synthesis of 47.
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C.2.2 X-ray Structural Features of (µ-η1,η1-NCCN)(Nb(N[Np]Ar)3)2
Crystals of 47 were obtained by storing a THF/n-pentane solution of 47 at −35 ◦C and its solid-
state structure was determined by single-crystal X-ray diffraction methods (Figure C.1). Complex
47 crystallized in the orthorhombic space group Pbca with one-half of the total molecule contained
in the asymmetric unit. A crystallographic inversion center resides at the midpoint of the central
C−−C bond, generating the complete molecule from the asymmetric unit and imparting 47 with
rigorous Ci point symmetry. Each niobium center in 47 is coordinated by three N-neopentylanilide
ligands in a pseudo-C3 fashion and occupies a terminus of a linear Nb−−N−C−−C−N−−Nb array.
Taken together, the local pseudo-C3 coordination environment around each niobium center and the
rigorous molecular Ci symmetry grants 47 with pseudo-S6 point symmetry, which is consistent with
the single ligand environment in its 1H NMR spectrum. The Nb1–N4 and C41–C41A distances of
1.7920(17) and 1.220(4) A˚ are consistent with localized Nb–N and C–C triple bonds, respectivly.10
The short Nb1–N4 distance is contrasted by the average Nb–Nanilide distance of 2.0173(10) A˚. The
N4–C41 distance is notably short at 1.306(3) A˚, this value being intermediate between a C–N single
and double bond.11 The Nb1–N4–C41 and N4–C41–C41A angles are 177.66(17) and 178.6(3)◦,
respectively, illustrating the linearity of the central Nb−−N−C−−C−N−−Nb core. Collectively, the
structural metrics and diamagnetism of 47 point to a central bridging cyanogen ligand that may be
formulated as a highly reduced ethynediimide (NCCN)4− ion.
Structurally characterized complexes featuring cyanogen as a bridging ligand are uncommon.12
One early example comes from Roesky and co-workers, who in 1985 resported the synthesis and
structure of the coordination polymer [Ag{(CN)2}2]n[AsF6]n, which features (µ,η1:η1-NCCN)
ligands spanning silver(I) centers.13 The closed-shell nature of the Ag+ ion limits to the Ag·· ·NCCN
interaction to that of dative single bonds (avg. d(Ag–N) = 2.382(5) A˚), and the C–N and C–C
distances (avg. d(C–N) = 1.135(6) A˚; avg. d(C–C) = 1.380(8) A˚) are largely unchanged from those
Nb1
Nb1A
N1
N1A
N2A
N2
N3
N3A
N4
N4A C4
C4A
Figure C.1. ORTEP rendering of 47. Thermal ellipsoids presented at 50% occupancy; hydrogen atoms
have been omitted for clarity.
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of free cyanogen (d(C–N) = 1.163 A˚; d(C–C) = 1.393 A˚). A similar example of cyanogen as a
neutral bridging ligand in a simple Lewis acid-base adduct comes from Klapo¨tke and co-workers in
the form of the antimony complex [(µ,η1:η1-NCCN)(SbF5)2].14 To date, 47 appears to contain the
only example of a cyanogen ligand in such a highly reduced state.
C.2.3 Electronic Structure of the Model Complex (µ-η1,η1-NCCN)(Nb(N[Me]Ph)3)2
The geometry of the model complex (µ,η1:η1-NCCN)(Nb(N[Me]Ph)3)2 (48) was optimized using
DFT methods, allowing for calculation of the molecular orbitals depicted in Figure C.2. The frontier
molecular orbitals in 48 emanate from the pi-system of the heterocumulene Nb−−N−C−−C−N−−Nb
core. The HOMO and HOMO−1 reflect the localized Nb–N and C–C multiple bonding observed in
the structure of 47. The LUMO and LUMO+1 are also part of the heterocumulene pi system, being
Nb–N and C–C pi-antibonding and N–C pi-bonding in character.
LUMO
HOMO
HOMO–1
LUMO+1
Figure C.2. Frontier molecular orbitals of 48.
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C.2.4 Raman and NMR Spectroscopic Features of the 13C- and 15N-Substituted
Isotopomers of (µ-η1,η1-NCCN)(Nb(N[Np]Ar)3)2
The isotopically labelled complexes (µ,η1:η1-N13C13CN)(Nb(N[Np]Ar)3)2 (47-
13C) and (µ,η1:η1-
15NCC15N)(Nb(N[Np]Ar)3)2 (47-
15N) were prepared in 44% and 94% yield respectively from 45
and the labelled salts K13CN and NaC15N. Access to these isotopers allowed for a more detailed
spectroscopic investigation of the µ,η1:η1-NCCN ligand in 47.
The 13C{1H}NMR spectrum of 47-13C complex shows a strong singlet at δ = 79.49 ppm, which
is within a region typical for alkynyl groups. The 15N NMR spectrum of 47-15N shows only one
feature, a singlet at δ = 337.11 ppm. The 13C{1H} NMR spectrum of 47-15N contains a weak
doublet at 79.51 ppm that evinces nuclear spin coupling within the NCCN unit with 1JCN = 26.4 Hz.
The Raman spectra of 47 and the labeled isotopomers 47-13C and 47-15N were recorded using
solid powdered samples. In all three spectra, two intense bands were observed, consistent with the
presence of Raman active C–N and C–C oscillators (Figure C.3). In 47, these peaks are found at ν
= 1132 (C–N stretch) and 2060 cm−1 (C–C stretch). In 47-13C these peaks shift to ν = 1129 and
1983 cm−1, and 47-15N shifts to ν = 1091 and 2046 cm−1. The observed shifts in the Raman-active
bands upon isotopic substitution differ from that which is predicted by a simple two-body harmonic
oscillator model (47-13C: 1085, 1902 cm−1; 47-15N 975 cm−1, 2060 cm−1). This discrepancy may
be due to the vibrational modes under interrogation coupling to the motion of other oscillators within
the molecule.
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Figure C.3. Raman spectra of 47, 47-13C, and 47-15N.
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Figure C.4. Calculated relative energies of stationary points on the potential energy surface governing
the reductive coupling of cyanide ligands with (κC-CN)Nb(N[Me]Ph)3.
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C.2.5 Proposed Mechanism for the Formation of (µ-η1,η1-NCCN)(Nb(N[Np]Ar)3)2
The energetics of formation of 48 was calculated by DFT optimization of stationary points
along a reaction coordinate describing the approach, interaction, and coupling of two equivalents
of the model C-bound niobium(IV) cyanide complex (κC-NC)Nb(N[Me]Ph)3 (Figure C.4).
Isomerization of two equivalents of (κC-CN)Nb(N[Me]Ph)3 (A) to the N-bound derivative (κN-
CN)Nb(N[Me]Ph)3 (C) is thermodynamically uphill by 4 kcal mol−1 and proceeds through
the high-energy intermediate (η2-CN)Nb(N[Me]Ph)3 (B). Bringing two equivalents of (κC-
NC)Nb(N[Me]Ph)3 together to form a singlet dimer linked by two µ,η2 : η1-cyanide ligands
(D) requires nearly 19 kcal mol−1. From this point, conversion to the C–C bonded zig-zag pi-
complex (µ,η2 : η2-NCCN)(Nb(N[Me]Ph)3)2 (E) and on to 48 (F) is a thermodynamically favored
process, ending over 23 kcal mol−1 lower in energy than two spatially separated equivalents of (κC-
CN)Nb(N[Me]Ar)3. This proposed mechanism is qualitatively similar to the one put forth by Cloke
and co-workers to describe the reductive coupling of carbon monoxide to an alkynediolate ligand
by a highly reducing uranium(III) mixed-sandwich complex.15
C.3 CONCLUSIONS
This appendix has described the synthesis of the bimetallic cyanogen complex 47 via the reductive
coupling of cyanide ions by a d1 niobium synthon. The X-ray crystal structure of 47 was determined,
revealing a highly reduced central NCCN4− array. The NMR and Raman spectroscopic features
of 47 and the 13C- and 15N-labelled isotopomers 47-13C and 47-15N were found to be consistent
with this formulation. Reductive coupling of cyanide ligands adds a new page to the long story of
reductive coupling reactions mediated by reducing metal complexes, and the NCCN4− ligand in 47
is believed to be the first of its kind to be structurally characterized.
C.4 EXPERIMENTAL DETAILS
C.4.1 General Considerations
All manipulations were carried out at room temperature (23 ◦C) under an atmosphere of purified
dinitrogen in a Vacuum Atmospheres MO-40M glove box or with a vacuum manifold using standard
Schlenk techniques. Celite 545 (EM Science) and 4 A˚ molecular sieves were dried via storage in
a 225 ◦C oven for 24 h followed by complete desiccation under dynamic vacuum at 210 ◦C for
48 h prior to use. Solvents were purified using a commercial Glass Contour solvent purification
system constructed by SG Water USA (Nashua, NH USA), and were stored over activated 4 A˚
molecular sieves prior to use. Benzene-d6 and chloroform-d were obtained from Cambridge Isotope
Laboratories, Inc. (Andover, MA USA). Prior to use, benzene-d6 and chloroform-d were distilled
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from CaH2, degassed with two freeze-pump-thaw cycles, and stored over activated 4 A˚ molecular
sieves. NaCN was obtained from Aldrich; NaC15N and K13CN was obtained from Cambridge
Isotopes Laboratory (Andover, MA USA). All three salts were dried at 80 ◦C under dynamic vacuum
for 24 h prior to use. Complex 45 was prepared according to published methods.16 All glassware
was oven-dried at a temperature of 225 ◦C prior to use.
Solution 1H, 13C{1H}, and 15N NMR spectra were recorded on Varian Mercury-300 or Varian
Inova-500 spectrometers at 20 ◦C. 1H and 13C{1H} NMR spectra were referenced internally to
residual solvent (C6D5H in C6D6, 7.16 ppm; C6D6, 128.29 ppm; CHCl3 in CDCl3, 7.27 ppm;
CDCl3, 77.23 ppm). 15N NMR spectra were referenced externally to neat PhC15N (258.4 ppm).
Raman spectra were collected via 180◦ reflectance through the 10× objective of a Kaiser Optics
Raman microscope. Infrared spectra were acquired using a Nicolet 6700 FT-IR spectrophotometer.
Combustion analyses were performed by Columbia Analytical Laboratory (Santa Fe, NM USA).
C.4.2 Synthesis of (µ-η1,η1-NCCN)(Nb(N[Np]Ar)3)2 (47)
A solution of 45 (0.257 g, 0.316 mmol, 1 equiv) in THF (8 mL) was added to a suspension of
NaCN (0.016 g, 0.33 mmol, 1 equiv) in THF (2 mL). The resulting mixture was stirred for ca. 18 h,
during which time the color changed from purple-brown to orange-brown. The mixture was filtered
through a plug of Celite and the volatile materials were removed from the filtrate under reduced
pressure. Et2O (8 mL) was added and subsequently removed under reduced pressure. The orange
solids that remained were suspended in Et2O (4 mL) and the resulting mixture was cooled to−35 ◦C
minimize dissolution of the solids. The solids were then separated from the supernatant solution by
filtering the mixture through a medium frit. The retained solids were washed with Et2O (2 mL) and
dried under reduced pressure, yielding the product 47 as an orange powder (0.199 g, 0.144 mmol,
91%). 1H NMR (300 MHz, benzene-d6): δ = 6.58 (s, 12H, o-ArH), 6.50 (s, 6H, p-ArH), 4.24 (s,
12H, NCH2C(CH3)3), 2.10 (s, 36H, m-ArCH3), 1.14 (s, 54H, NCH2C(CH3)3) ppm. 13C{1H}NMR
(126 MHz, chloroform-d): δ = 152.24 (s, Ar), 138.73 (s, Ar), 124.47 (s, Ar), 120.10 (s, Ar), 70.23
(s, NCH2C(CH3)3), 35.46 (s, NCH2C(CH3)3), 26.61 (s, m-ArCH3), 21.59 (s, NCH2C(CH3)3) ppm.
Anal. Calcd. for C80H120N8Nb2: C, 69.65; H, 8.77; N, 8.12%. Found: C, 69.22; H, 7.94; N, 8.37%.
C.4.3 Synthesis of (µ-η1,η1-15NCC15N)(Nb(N[Np]Ar)3)2 (47-15N)
A solution of 45 and 15-crown-5 in THF (6 mL) was transferred onto solid KC15N. The
resulting mixture was stirred for 3 d, during which time the color changed from purple/brown to
orange/brown. The mixture was filtered through a plug of Celite and the volatile materials were
removed from the filtrate under reduced pressure. Et2O (5 mL) was added and the volatile materials
were subsequently removed under reduced pressure. The orange solids that remained were slurried
in a mixture of Et2O/n-pentane (2 mL / 2 mL) and were isolated by filtering the suspension through
a medium frit. The isolated solids were washed with Et2O (2 mL) and dried under reduced pressure,
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leaving the product 47-15N as an orange powder (0.261 g, 0.189 mmol, 94%). 13C{1H} NMR (126
MHz, chloroform-d): δ = 152.24 (s, Ar), 138.73 (s, Ar), 124.47 (s, Ar), 120.10 (s, Ar), 79.51 (d,
1JCN = 26.4 Hz, NCCN), 70.23 (s, NCH2C(CH3)3), 35.46 (s, NCH2C(CH3)3), 26.61 (s, m-ArCH3),
21.59 (s, NCH2C(CH3)3) ppm. 15N NMR (50.7 MHz, chloroform-d): δ = 337.1 ppm (s).
C.4.4 Synthesis of (µ-η1,η1-N13C13CN)(Nb(N[Np]Ar)3)2 (47-13C)
A solution of 45 in THF (10 mL) was transferred onto solid K13CN. The resulting mixture was
stirred for 2 d, during which time the color changed from purple/brown to orange/brown. The
mixture was filtered through a plug of Celite and volatile materials were removed from the filtrate
under reduced pressure. Et2O (5 mL) was added and subsequently removed under reduced pressure.
The orange solids that remained were slurried in a mixture of Et2O/n-pentane (2 mL / 2 mL) and
were isolated by filtering the suspension through a medium frit. The isolated solids were washed
with Et2O (2 mL) and dried under reduced pressure, leaving the product 47-13C as an orange
powder (0.115 g, 0.083 mmol, 44%). 13C{1H} NMR (126 MHz, chloroform-d): δ = 152.24 (s,
Ar), 138.73 (s, Ar), 124.47 (s, Ar), 120.10 (s, Ar), 79.49 (s, NCCN), 70.23 (s, NCH2C(CH3)3),
35.46 (s, NCH2C(CH3)3), 26.61 (s, m-ArCH3), 21.59 (s, NCH2C(CH3)3) ppm.
C.5 COMPUTATIONAL DETAILS
C.5.1 General Considerations
All calculations were performed using the ADF release 2009.01 program suite.17 The relativistic
ZORA option was employed. ZORA basis sets of triple zeta quality with two added polarization
functions (TZ2P) in conjunction with large frozen core approximations were used for all atoms.
Frozen core potentials were included by invoking the “core large” keyword in the ADF input file.
Geometry optimizations were carried out and energy differences determined using the optimized
Lee–Yang–Parr (OLYP) functional. The geometry optimization procedure was based on the method
of Versluis and Ziegler.18 The model complex 48 was optimized under Ci point symmetry. All other
models optimized without any symmetry contraints. Optimized atomic coordinates may be found
in Appendix E.
C.6 CRYSTALLOGRAPHIC DETAILS
C.6.1 General Considerations
Low-temperature diffraction data were collected on a Siemens Platform three-circle diffractometer
coupled to a Bruker-AXS Smart Apex charge-coupled device (CCD) and a graphite-monochromated
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Mo Kα radiation beam (0.71073 A˚). Diffraction data were collected by performing φ- and ω-scans.
All software used for diffraction data processing and crystal structure solution and refinement
are contained in the SAINT+ (v6.45) and SHELXTL (v6.14) program suites.19–22 The structure
was solved using direct methods in conjunction with standard Fourier difference techniques, and
refined on F2 by full-matrix least-squares procedures. A semi-empirical absorption correction
was applied to the diffraction data. All non-hydrogen atoms were refined anisotropically; all
hydrogen atoms were placed at calculated positions refined isotropically using a riding model. The
isotropic displacement parameters of all hydrogen atoms were fixed to 1.2 times the Ueq value
of the atoms they are linked to (1.5 times for methyl groups). Disorders were refined within
SHELXL with the help of rigid bond restraints as well as similarity restraints on the anisotropic
displacement parameters for neighboring atoms and on 1,2- and 1,3-distances throughout the
disordered components.23,24 The relative occupancies of disordered components were allowed to
refine freely. Thermal ellipsoid plots were generated using the program PLATON.25 Complete
crystallographic data for the structurally characterized complex presented in this chapter is available
on the Reciprocal Net (http://www.reciprocalnet.org/).26 A summary of the crystallographic
data for the structurally characterized complex presented in this chapter is given in Table C.1.
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Table C.1. Crystallographic data for the structure presented in
this chapter.
47
Reciprocal Net code 09320
Empirical formula C80H120N8Nb2
Formula weight (g mol−1) 1379.66
Temperature (K) 100(2)
Wavelength (A˚) 0.71073
Crystal system Orthorhombic
Space group Pbca
Unit cell dimensions (A˚, deg) a = 20.1847(14), α= 90
b = 20.4366(13), β= 90
c = 20.6242(14), γ= 90
Volume (A˚3) 8507.6(10)
Z 4
Density (calculated) (Mg m−3) 1.077
Absorption coefficient (mm−1) 0.311
F(000) 2952
Crystal size (mm3) 0.20×0.20×0.15
Theta range for collection (deg) 1.73 to 29.13
Index ranges −27≤ h≤ 27
−27≤ k ≤ 27
−27≤ l ≤ 28
Reflections collected 173856
Independent reflections 11437 [R(int) = 0.0873]
Completeness to θmax (%) 99.9%
Absorption correction Semi-empirical from equivalents
Max. and min. transmission 0.9549 and 0.9404
Refinement method Full-matrix least-squares on F2
Data / restraints / parameters 11437 / 0 / 421
Goodness-of-fita 1.089
Final R indices [I > 2σ(I)b R1 = 0.0459, wR2 = 0.1013
R indices (all data)b R1 = 0.0672, wR2 = 0.1091
Largest diff. peak and hole (e A˚−3) 0.628 and −0.432
a GooF =
[
Σ[w(F2o −F2c )2]
(n−p)
] 1
2 b R1 =
Σ||Fo|−|Fc||
Σ|Fo| ; wR2 =
[
Σ[w(F2o −F2c )2
Σ[w(F2o )2]
] 1
2 ;
w = 1σ2(F2o )+(aP)2+bP
; P = 2F
2
c +max(F
2
o ,0)
3
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APPENDIX D
Uranium Imide and Amide Complexes Derived
from Diphenyl(4-pyridyl)azidomethane
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D.1 INTRODUCTION
As discussed in Chapter 1, the challenges encountered in trying to prepare a uranium terminal nitride
complex of the form [NU(N[t-Bu]Ar)3]n (4n; n =−1, 0) from (THF)U(N[t-Bu]Ar)3 (2) included the
formation of the bimetallic µ-nitride products [(µ-N)(U(N[t-Bu]Ar)3)2]n (3n; n = −1, 0, +1) when
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azide salts are employed,1 and formation of the nitridoborate products [(C6F5)3BNU(N[t-Bu]Ar)3]n
(10n; n = −1, 0) when an azidoborate salt is employed.2 The chemistry of the 3n and 10n systems
have yet to lead to 4n.
Knowing that 2 readily reacts with organoazides to provide uranium(V) organoimido deriva-
tives, we envisioned a scenario wherein a uranium(V) imido complex of the form RNU(N[t-
Bu]Ar)3, featuring a labile R–Nimido bond, undergoes homolytic bond cleavage at this site to
produce the free organic R· and the uranium(VI) terminal nitride complex 4. The imido complex
Ph2(4-py)CNU(N[t-Bu]Ar)3 (49; 4-py = 4-pyridyl) is a prime candidate to study for this purpose,
since homolysis of the C–Nimido bond would proceed via formal loss of diphenyl(4-pyridyl)methyl
radical3 and yield terminal nitride 4. Additionally, it may be possible to induce homolytic cleavage
of the C–Nimido bond through use of a 1e reductant such as Ti(N[t-Bu]Ar)3 4 with formation
of the dihydropyridinide complex (pyPh2C)Ti(N[t-Bu]Ar)3 (pyPh2C = 3-diphenymethylidene-1,4-
dihydropyridinide), rather than free diphenyl(4-pyridyl)methyl radical.
D.2 RESULTS AND DISCUSSION
The reaction of 2 and Ph2(4-py)CN3 5 (50) in THF did not cleanly proceed to the desired product 49
(Scheme D.1). 1H NMR spectroscopic analysis of the crude reaction mixture revealed the formation
of two major products. Among the range of conceivable products from the reaction between 2 and 50
are the bimetallic µ-nitrido complex 3, the uranium(IV) dihydropyridinide complex (pyPh2C)U(N[t-
Bu]Ar)3 (51; pyPh2C = 3-diphenymethylidene-1,4-dihydropyridinide), and the uranium(IV) azide
complex N3U(N[t-Bu]Ar)3 (5). The independent synthesis of 51 was achieved by treating 2 with N-
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Scheme D.1. The reaction of 2 with 50.
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Scheme D.2. Synthesis of 51.
[diphenyl(4-pyridyl)methyl]-3-diphenylmethylidene-1,4-dihydropyridine3 (52; Scheme D.2). The
1H NMR spectroscopic features of 51 confirm that it is one of the products in the reaction of 2 and
50. The 1H NMR spectroscopic features of 5 are not observed in the reaction of 2 and 50, nor are
the spectroscopic features associated with bimetallic 3.
The formation of 51 from 2 and 50 indicated that reactivity is occurring through the pyridyl
nitrogen of 50. To shut down this mode of reactivity, a derivative of 50 featuring an N-bound
protecting group was prepared by treating 50 with B(C6F5)3 in THF. The pyridyl-borane adduct
Ph2(4-pyBR3)CN3 (53; 4-pyBR3 = N-[(C6F5)3B]-4-pyridyl) was thus obtained as a white powder in
85% yield following precipitation from solution, separation via filtration, and drying under dynamic
vacuum. Gratifyingly, 53 reacts cleanly with 2 in THF to afford the pentavalent imido complex,
Ph2(4-pyBR3)CNU(N[t-Bu]Ar)3 (54), which was isolated in 83% yield as a brown powder following
precipitation from solution with hexamethyldisiloxane (HMDSO), separation via filtration, and
drying under dynamic vacuum (Scheme D.3).
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Scheme D.3. Synthesis of 54.
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U1
N1
N4
N3
N2
Figure D.1. Left: ORTEP rendering of 51. Thermal ellipsoids presented at 50% probability; hydrogen
atoms have been omitted for clarity. Right: Alternating single (blue) and double (red) bond lengths
reflect reduction of the pyridyl ring.
The solid state structure of the dihydropyridinide complex 51 was determined via an X-ray
crystallographic study, and features a tris(anilide)-supported uranium(IV) center (avg. U–Nanilide
2.20 A˚) with a U–Npyridinide distance of 2.342(3) A˚ (Figure D.1). The C–N and C–C interatomic
distances in the substituted pyridinide ligand alternate between lengths typical of single and double
bonds, reflecting reduction of the pyridyl ring by the uranium center. The solution FTIR spectrum
of 51 reveals a band at 1631 cm−1. This vibrational band occurs in a range that is typical of olefinic
C–C stretching modes, lending support to the formulation of 51 as a dihydropyridinide derivative.
D.3 CONCLUSIONS
The reaction of 2 with the organoazide 50 resulted in the formation of multiple products, possibly
due to competition between reaction pathways that separately involve the pyridyl nitrogen and
the azide group in 50. Independent synthesis of the dihydropyridinide complex 51 allowed for
confirmation that it is a product formed in the reaction between 2 and 50. By complexing the pyridyl
nitrogen of 50 with a borane protecting group, the borane adduct 53 was formed and the reaction
pathways that leads to the formation of 51 from 2 and 50 was effectively shut down. Instead, the
reaction of 2 with 53 results in the clean formation of the uranium(V) imido complex 54. The
chemistry of 54 has not yet been elucidated.
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D.4 EXPERIMENTAL DETAILS
D.4.1 General Considerations
All manipulations were carried out at room temperature (23 ◦C) under an atmosphere of purified
dinitrogen in a Vacuum Atmospheres MO-40M glove box or with a vacuum manifold using standard
Schlenk techniques. Celite 545 (EM Science) and 4 A˚ molecular sieves were dried via storage in
a 225 ◦C oven for 24 h followed by complete desiccation under dynamic vacuum at 210 ◦C for
48 h prior to use. Solvents were purified using a commercial Glass Contour solvent purification
system constructed by SG Water USA (Nashua, NH USA), and were stored over activated 4
A˚ molecular sieves prior to use. Benzene-d6 and chloroform-d was obtained from Cambridge
Isotope Laboratories, Inc. (Andover, MA USA). Prior to use, benzene-d6 distilled from CaH2,
degassed with two freeze-pump-thaw cycles, and stored over activated 4 A˚ molecular sieves. The
uranium(IV) iodide complex IU(N[t-Bu]Ar)3 6, the uranium(III) complex (THF)U(N[t-Bu]Ar)3 6,
and the titanium(III) complex Ti(N[t-Bu]Ar)3 4 were prepared according to the literature method, as
were Ph2(4-py)CN3 5, Ph2(4-py)CN3 5, and N-[diphenyl(4-pyridyl)methyl]-3-diphenylmethylidene-
1,4-dihydropyridine3. All glassware was oven-dried at a temperature of 225 ◦C prior to use.
Solution 1H spectra were recorded on Varian Mercury-300 or Varian Inova-500 spectrometers at
20 ◦C. 1H NMR spectra were referenced internally to residual solvent (C6D5H in C6D6, 7.16 ppm;
C6D6, 128.29 ppm; CHCl3 in CDCl3, 7.27 ppm; CDCl3, 77.23 ppm). Combustion analyses were
performed by H. Kolbe (Mulheim an dehr Ruhr, Germany).
Caution! All isotopes of uranium are radioactive. The work described
herein utilized depleted uranium, which is composed primarily of 238U,
an α-emitter (t1/2 = 4.468×109 yr; 4.196 MeV) that also undergoes
spontaneous fission (t1/2 = 8.30×1015 yr; 4.149 MeV).7 Utmost care must
be exercised when planning, executing, and dismantling any experiments
that utilize uranium-containing materials. Experiments must only be
performed in a well-ventilated fume hood or in an inert atmosphere
glove box.8 The uranium-contaminated chemical waste stream must
be segregated from other waste streams and must be disposed of
through the MIT Radiation Protection Office (http://web.mit.edu/
environment/ehs/radiation.html).
D.4.2 Synthesis of (pyPh2C)U(N[t-Bu]Ar)3 (51)
To a thawing, yellow suspension of 52 (0.044 g, 0.090 mmol, 0.5 equiv.) in Et2O (3 mL) was added
a thawing black solution of 2 (0.152 g, 0.181 mmol, 1 equiv.) in Et2O (2 mL). The resulting mixture
immediately became homogeneous and turned a dark brown color. The mixture was allowed to
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warm while stirring for 30 min, whereupon it was concentrated under reduced pressure to one-third
of its initial volume, then filtered through Celite, and finally stored at −35 ◦C. The product, was
obtained as dark brown crystalline solid (0.099 g, 54 %). 1H NMR (300 MHz, benzene-d6): δ =
12.83 (s, 6H, o-ArH), 10.26 (s, 27H, C(CH3)3), 4.53 (t, JHH = 6.9 Hz, 2H, p-Ph), 4.17 (t, JHH =
8.1 Hz, 4H, m-Ph), 1.19 (s, 3H, p-ArH), 0.94 (d, JHH = 7.5 Hz, 4H, o-Ph), −2.57 (s, 18H, ArCH3),
−12.24 (s, 2H, m-py), −57.31 (s, 2H, o-py) ppm. FTIR (KBr cell, benzene): ν = 1631 (m, νCC),
1586 (s, Ar breathing), 1521 (w), 1486 (w) 1357 (w), 1290 (m), 1218 (m), 1194 (s), 991 (s) cm−1.
D.4.3 Synthesis of Ph2(4-pyBR3)CN3 (53)
To a stirred solution of 50 (0.199 g, 0.771 mmol) in THF (3 mL) was added a solution of B(C6F5)3
(0.335 g, 0.654 mmol) in THF (2 mL). The resulting colorless solution was stirred for 1 h before
volatile materials were removed under reduce pressure, yielding a white residue. The residue was
dissolved in Et2O (2.5 mL) and a white powder was precipitated from the resulting solution by the
adding pentane (5 mL). The suspension was then cooled to −35 ◦C. The powder was isolated by
filtering the mixture through a medium porosity sintered glass frit, then washed with cold pentane
(5 mL), and finally dried under reduced pressure. The product was isolated as a free flowing white
powder (0.443 g, 0.555 mmol, 85%) 1H NMR (300 MHz, benzene-d6): δ = 7.96 (d, 3JHH = 5.7 Hz,
2H), 6.86–6.92 (m, 12H) ppm. 19F NMR (282 MHz, benzene-d6): δ = −132.04 (d, 3JFF = 19 Hz,
o-C6F5), −155.62 (t, 3JFF = 19 Hz, p-C6F5), −162.97 (t, 3JFF = 17 Hz, m-C6F5) ppm. FTIR (KBr
cell, benzene): ν = 2109 (s), 1645 (w), 1518 (s), 1470 (s), 1288 (w), 1099 (s), 987 (s) cm−1.
D.4.4 Synthesis of Ph2(4-pyBR3)CNU(N[t-Bu]Ar)3 (54)
To a thawing, colorless solution of 53 (0.357 g, 0.447 mmol) in Et2O (10 mL) was added a thawing
black solution of 2 (0.375 g, 0.447 mmol) in Et2O (6 mL) in two portions, dropwise, refreezing
both solution in between the two bulk additions. The reaction mixture immediately assumed a
deep brown color and effervesced. After allowing the solution to warm with stirring for 30 min,
the solution was concentrated to ca. 4 mL. To this was added HMDSO (10 mL), resulting in
precipitation of a brown solid. The reaction mixture was further concentrated to ca. 5 mL, then
cooled to −35 ◦C. The brown precipitate was then collected on a medium porosity sintered glass
frit. The solids were washed with HMDSO (2 × 10 mL) and dried in vacuo for 12 h, yielding a
free-flowing, brown powder (0.581, 0.378 mmol, 85%). 1H NMR (300 MHz, benzene-d6): δ =
19.56 (br s), 11.69 (br s), 10.53 (br s), 9.75 (s), 8.58 (s), 8.42 (s), 6.35 (s), 2.24 (s, 18H, ArCH3),
−6.84 (br s, 27H, NC(CH3)3) ppm. 19F NMR (282 MHz, benzene-d6): δ = −132.09 (d, o-C6F5),
−156.70 (t, p-C6F5), −163.65 (t, m-C6F5) ppm.
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D.4.5 Synthesis of K[OC(4-py)Ph2
To a thawing suspension of KH (0.154 g, 3.84 mmol) in THF (3 mL) was added a thawing
suspension of Ph2(4-py)COH (1.004 g, 3.84 mmol) in THF (12 mL). The solution effervesced as
it warmed with stirring. After stirring the mixture for 45 min, the nearly homogeneous solution
took on an opaque, creamscicle-orange color. After stirring for a total of 1.5 h, the evolution of
gas had ceased and the solution was filtered through Celite. The filtrate was concentrated to ca.
7 mL, whereupon precipitation of a white solid began to occur. This process was assisted by the
addition of n-pentane (10 mL). The flocculent mixture was cooled to −35 ◦C, the product isolated
on a medium porosity sintered glass frit, washed with n-pentane (5 mL), and dried under dynamic
vacuum to afford a free flowing white solid (0.717 g, 2.39 mmol, 62 %). The isolated material is
insoluble in benzene-d6 and decomposes in chloroform-d. The NMR spectroscopic characterization
of the isolate material awaits completion with the use of a more suitable deuterated solvent.
D.4.6 Synthesis of Ph2(4-py)COU(N[t-Bu]Ar)3
To a thawing solution of 1 (0.202 g, 0.226 mmol) in THF (1.5 mL) was added a thawing solution of
K[OC(4-py)Ph2] (0.0670 g, 0.224 mmol) in THF (4 mL). The solution was allowed to warm while
stirring for 1.5 h, over which time the brown homogeneous solution turned a cloudy orange-yellow.
Volatile materials were then removed under reduced pressure, and the residue thus obtained was
extracted with n-pentane (15 mL). The extract was filtered through a Celite-padded frit, and the
volatile materials were removed from the filtrate under reduced pressure, yielding the product as a
yellow solid (0.138 g, 0.134 mmol, 60%). 1H NMR (300 MHz, benzene-d6): δ = 7.60 (s, 2H, Ph
or py), 6.48 (s, 4H, Ph), 6.41 (s, 2H, Ph or py), 5.87 (s, 3H, p-ArH), 4.56 (s, 6H, o-ArH), 3.47 (s,
4H, Ph), 2.51 (s, 2H, Ph or py), 0.51 (s, 18H, ArCH3), 0.01 (s, 27H, C(CH3)3) ppm. This material
is soluble in Et2O, THF, hydrocarbons such as n-pentane and n-hexane, and HMDSO. It is notable
that all observed resonances in the 1H NMR spectrum appear as singlets, with no observation of
coupling between H atoms of the phenyl groups or the pyridyl ring.
D.4.7 Synthesis of (pyPh2C)Ti(N[t-Bu]Ar)3
The deep blue-purple dihydropyridinide complex (pyPh2C)Ti(N[t-Bu]Ar)3 is the sole product
formed upon treating Ti(N[t-Bu]Ar)3 with N-[diphenyl(4-pyridyl)methyl]-3-diphenylmethylidene-
1,4-dihydropyridine (0.5 equiv) in benzene or Et2O. 1H NMR (300 MHz, benzene-d6): δ = 7.49 (m),
7.21 (m), 7.05 (m), 6.90 (s, 6H, o-ArH), 6.78 (s, 3H, p-ArH), 5.94 (d, py), 2.30 (s, 18H, ArCH3),
1.16 (s, 27H, C(CH3)3) ppm.
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D.5 CRYSTALLOGRAPHIC DETAILS
D.5.1 General Considerations
Low-temperature diffraction data were collected on a Siemens Platform three-circle diffractometer
coupled to a Bruker-AXS Smart Apex charge-coupled device (CCD) and a graphite-monochromated
Mo Kα radiation beam (0.71073 A˚). Diffraction data were collected by performing φ- and ω-scans.
All software used for diffraction data processing and crystal structure solution and refinement
are contained in the SAINT+ (v6.45) and SHELXTL (v6.14) program suites.9–12 The structure
was solved using direct methods in conjunction with standard Fourier difference techniques, and
refined on F2 by full-matrix least-squares procedures. A semi-empirical absorption correction
was applied to the diffraction data. All non-hydrogen atoms were refined anisotropically; all
hydrogen atoms were placed at calculated positions refined isotropically using a riding model. The
isotropic displacement parameters of all hydrogen atoms were fixed to 1.2 times the Ueq value
of the atoms they are linked to (1.5 times for methyl groups). Disorders were refined within
SHELXL with the help of rigid bond restraints as well as similarity restraints on the anisotropic
displacement parameters for neighboring atoms and on 1,2- and 1,3-distances throughout the
disordered components.13,14 The relative occupancies of disordered components were allowed to
refine freely. Thermal ellipsoid plots were generated using the program PLATON.15 Complete
crystallographic data for the structurally characterized complex presented in this chapter is available
on the Reciprocal Net (http://www.reciprocalnet.org/).16 A summary of the crystallographic
data for the structurally characterized complex presented in this chapter is given in Table D.1.
The procedures for handling samples in a typical X-ray diffraction experiment are described in
Section 1.6.1.
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Table D.1. Crystallographic data for the structure presented in
this chapter.
51
Reciprocal Net code 06006
Empirical formula C54H68N4U
Formula weight (g mol−1) 1011.15
Temperature (K) 100(2)
Wavelength (A˚) 0.71073
Crystal system Orthorhombic
Space group Pna21
Unit cell dimensions (A˚, deg) a = 31.8024(16)), α= 90
b = 9.9822(5), β= 90
c = 14.7811(7), γ= 90
Volume (A˚3) 4692.4(4)
Z 4
Density (calculated) (Mg m−3) 1.431
Absorption coefficient (mm−1) 3.499
F(000) 2048
Crystal size (mm3) 0.16×0.13×0.04
Theta range for collection (deg) 1.88 to 29.57
Index ranges −44≤ h≤ 43
−13≤ k ≤ 13
−19≤ l ≤ 20
Reflections collected 85745
Independent reflections 12930 [R(int) = 0.0686]
Completeness to θmax (%) 100.0%
Absorption correction Semi-empirical from equivalents
Max. and min. transmission 0.8727 and 0.6405
Refinement method Full-matrix least-squares on F2
Data / restraints / parameters 12930 / 1 / 547
Goodness-of-fita 1.011
Final R indices [I > 2σ(I)b R1 = 0.0318, wR2 = 0.0611
R indices (all data)b R1 = 0.0465, wR2 = 0.0656
Largest diff. peak and hole (e A˚−3) 1.818 and −0.423
a GooF =
[
Σ[w(F2o −F2c )2]
(n−p)
] 1
2 b R1 =
Σ||Fo|−|Fc||
Σ|Fo| ; wR2 =
[
Σ[w(F2o −F2c )2
Σ[w(F2o )2]
] 1
2 ;
w = 1σ2(F2o )+(aP)2+bP
; P = 2F
2
c +max(F
2
o ,0)
3
185
D.6 REFERENCES
[1] Fox, A. R.; Arnold, P. L.; Cummins, C. C. J. Am. Chem. Soc. 2010, 132, 3250–3251.
[2] Fox, A. R.; Cummins, C. C. J. Am. Chem. Soc. 2009, 131, 5716–5717.
[3] Tzerpos, N. I.; Zarkadis, A. K.; Kreher, R. P.; Repas, L.; Lehnig, M. Perkin Trans. 2 1995, 755–761.
[4] Peters, J. C.; Johnson, A. R.; Odom, A. L.; Wanandi, P. W.; Davis, W. M.; Cummins, C. C. Journal of the American
Chemical Society 1996, 118, 10175–10188.
[5] Desbene, P. L.; Jehanno, N. Journal of Heterocyclic Chemistry 1984, 21, 1313–1219.
[6] Odom, A. L.; Arnold, P. L.; Cummins, C. C. J. Am. Chem. Soc. 1998, 120, 5836–5837.
[7] Grenthe, I.; Droz˙dz˙yn´ski, J.; Fujino, J.; Buck, E. C.; Albrecht-Schmitt, T. E.; Wolf, S. F. In The Chemistry of the
Actinide and Transactinide Elements; Springer: Dordrecht, 2006; Vol. 1, Chapter 1, pp 253–698.
[8] Haschke, J. M.; Stakebake, J. L. In The Chemistry of the Actinide and Transactinide Elements; Springer: Dordrecht,
2006; Vol. 5, Chapter 29, pp 3199–3272.
[9] Sheldrick, G. M.; SHELXL-97: Program for crystal structure determination; 1997.
[10] Sheldrick, G. M.; SHELXTL; 2005–2008.
[11] Sheldrick, G. M. Acta Crystallogr., Sect. A: Fundam. Crystallogr. 1990, 46, 467–473.
[12] Sheldrick, G. M. Acta Crystallogr., Sect. A: Fundam. Crystallogr. 2008, 64, 112–122.
[13] Mu¨ller, P.; Herbst-Irmer, R.; Spek, A. L.; Schneider, T. R.; Sawaya, M. R. Crystal Structure Refinement: A
Crystallographer’s Guide to SHELXL; Mu¨ller, P., Ed.; IUCr Texts on Crystallography; Oxford University Press:
Oxford, 2006.
[14] Mu¨ller, P. Crystallogr. Rev. 2009, 15, 57–83.
[15] Spek, A. L. J. Appl. Crystallogr. 2003, 36, 7–13.
[16] The Reciprocal Net Site Network is a distributed database for crystallographic information supported by the
National Science Digital Library. It is hosted and maintained by participating crystallography laboratories around
the world.
186
187
188
APPENDIX E
Optimized Atomic Coordinates from Quantum
Chemical Calculations
DFT CALCULATED STRUCTURES PRESENTED IN CHAPTER 3
Table E.1. Optimized atomic coordinates (A˚) of Ph(Cl)CNMo(N[Me]Ph)3 (S = 0).
Atom x y z Atom x y z
C −0.230843 0.546230 −0.071622 C −2.549458 −5.359456 −2.849369
C 1.055650 −0.008364 −0.213413 C −1.451568 −4.550522 −3.146360
C 2.135513 0.851890 −0.460650 H −0.317541 −4.925323 0.316372
C 1.934255 2.229757 −0.563994 H −1.530711 −6.244740 2.017840
C 0.655939 2.771735 −0.418973 H −0.533722 −8.347237 2.925722
C −0.427245 1.921902 −0.173933 H 1.684448 −9.110064 2.080733
N 1.267242 −1.421764 −0.093899 H 2.904458 −7.782122 0.387061
C 0.813828 −1.995407 1.185022 H 4.011453 0.190889 −4.159503
Mo 1.544981 −2.498304 −1.718516 H 5.866404 1.606373 −3.348248
N −0.121704 −2.520197 −2.752334 H 7.068596 1.023753 −1.242022
C −0.430003 −1.361654 −3.608767 H 6.406638 −1.023854 0.021005
N 1.732844 −4.204416 −1.040705 H 4.568615 −2.466247 −0.817250
C 2.098423 −5.381793 −0.704438 H 3.142463 −1.686546 −5.054927
C 1.397398 −6.240536 0.247216 H 3.884846 −3.204962 −4.480835
C 0.127160 −5.833186 0.720480 H 2.112364 −3.034770 −4.531002
C −0.554188 −6.582536 1.671246 H −2.014448 −2.034936 −0.928829
C 0.000556 −7.763877 2.176203 H −3.965192 −3.482961 −0.385747
C 1.243436 −8.188622 1.700791 H −4.310887 −5.618378 −1.624599
C 1.935290 −7.443964 0.746392 H −2.691420 −6.293599 −3.391883
N 3.032011 −2.004655 −2.941485 H −0.732397 −4.846425 −3.909626
C 3.049294 −2.504498 −4.323837 H −1.197180 −0.707872 −3.163605
Cl 3.630125 −6.044073 −1.429128 H −0.795219 −1.698303 −4.592795
C 4.146582 −1.230506 −2.531093 H 0.479693 −0.766861 −3.765718
C 4.545212 −0.087017 −3.250840 H 3.135231 0.429574 −0.548651
C 5.585845 0.715158 −2.786561 H 2.788126 2.882608 −0.743572
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Table E.1. Optimized atomic coordinates (A˚) of Ph(Cl)CNMo(N[Me]Ph)3 (S = 0), continued.
Atom x y z Atom x y z
C 6.256824 0.393558 −1.602293 H 0.503474 3.848136 −0.490001
C 5.880787 −0.749798 −0.893067 H −1.430683 2.332689 −0.062448
C 4.843418 −1.559852 −1.355594 H −1.079935 −0.110351 0.118641
C −1.250994 −3.349113 −2.453865 H 1.078634 −3.055155 1.217345
C −2.171873 −2.971154 −1.464141 H 1.308599 −1.474536 2.019069
C −3.265144 −3.784157 −1.164969 H −0.274980 −1.904824 1.327943
C −3.458680 −4.981153 −1.858636
Table E.2. Optimized atomic coordinates (A˚) of Ph(Cl)CNW(N[Me]Ph)3 (S = 0)
Atom x y z Atom x y z
C −0.208653 0.507261 −0.106446 C −2.539396 −5.369614 −2.893102
C 1.090496 −0.023322 −0.197570 C −1.440789 −4.555661 −3.174415
C 2.169940 0.850997 −0.381098 H −0.303659 −4.880792 0.326523
C 1.952617 2.227014 −0.481137 H −1.548076 −6.199108 2.002664
C 0.659926 2.747553 −0.393475 H −0.593066 −8.326740 2.896536
C −0.421297 1.881155 −0.204989 H 1.625482 −9.110887 2.065533
N 1.311487 −1.440354 −0.080103 H 2.877846 −7.786067 0.396714
C 0.955227 −1.989769 1.242647 H 3.874840 0.261767 −4.098657
W 1.549978 −2.497746 −1.720167 H 5.748621 1.692648 −3.337872
N −0.123702 −2.517354 −2.755926 H 7.074905 1.057816 −1.323864
C −0.449195 −1.392239 −3.656016 H 6.532488 −1.051367 −0.109527
N 1.758739 −4.189858 −1.036007 H 4.683662 −2.510586 −0.907909
C 2.111512 −5.377472 −0.690439 H 3.249052 −1.830892 −5.062983
C 1.395210 −6.219413 0.254247 H 3.995987 −3.287025 −4.344783
C 0.126832 −5.797830 0.724670 H 2.224664 −3.175170 −4.509919
C −0.572939 −6.547413 1.661890 H −2.030716 −2.057571 −0.944511
C −0.041805 −7.743016 2.159845 H −3.983638 −3.513699 −0.429851
C 1.200338 −8.179451 1.691240 H −4.310693 −5.641789 −1.685089
C 1.910835 −7.436186 0.750585 H −2.673699 −6.300976 −3.442350
N 3.028726 −2.002568 −2.945374 H −0.714183 −4.844802 −3.933046
C 3.134632 −2.603698 −4.287910 H −1.238437 −0.748550 −3.236680
Cl 3.631035 −6.042030 −1.412834 H −0.796389 −1.774116 −4.629413
C 4.143266 −1.211999 −2.540529 H 0.445327 −0.777878 −3.824764
C 4.468859 −0.033125 −3.233736 H 3.178454 0.442187 −0.431091
C 5.517730 0.774543 −2.797836 H 2.803329 2.893645 −0.617797
C 6.259943 0.421323 −1.666195 H 0.494157 3.822021 −0.467288
C 5.952114 −0.757924 −0.983709 H −1.434284 2.276561 −0.134596
C 4.910222 −1.576818 −1.422922 H −1.051823 −0.167492 0.042666
C −1.249771 −3.361675 −2.468563 H 1.214001 −3.051436 1.274406
C −2.180367 −2.990783 −1.487182 H 1.517274 −1.457117 2.024501
C −3.274975 −3.807972 −1.204165 H −0.118824 −1.881025 1.461235
C −3.458516 −5.000712 −1.907706
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Table E.3. Optimized atomic coordinates (A˚) of ClMo(N[Me]Ph)3 (S = 0).
Atom x y z Atom x y z
C 2.388703 −0.893769 2.828985 C 3.029597 −0.766078 −1.836432
C 1.130671 −1.411458 2.510164 C 1.675843 −0.452987 −1.947876
C 0.137235 −0.578382 1.995328 H 3.340466 −1.810459 −1.824458
C 0.400476 0.784277 1.786015 C −0.704191 1.161684 −3.401547
C 1.663224 1.301921 2.108644 Cl −1.067625 4.249658 −0.980361
C 2.650510 0.463904 2.626147 H −1.544013 −0.872191 −1.635431
N −0.620196 1.643951 1.277930 H 1.888636 2.946796 −1.856370
C −1.497039 2.256807 2.290463 H 0.930959 −1.245285 −2.019101
H 0.917434 −2.469026 2.663872 H 5.039722 0.002305 −1.638862
H 3.630442 0.873871 2.868673 H −3.435669 −4.060933 0.569051
Mo −1.134159 1.942323 −0.559749 H −4.794442 −0.004903 1.048829
N −2.952913 1.117043 −0.630992 H 1.859649 2.361187 1.941496
C −3.133007 −0.252466 −0.327593 H −0.847250 −0.974599 1.746382
C −2.285346 −1.212379 −0.916050 H 3.163394 −1.545231 3.232370
C −2.395947 −2.563419 −0.601015 H −5.006292 1.537078 −0.977415
C −3.353056 −3.004131 0.318421 H −4.415843 2.126117 0.593829
C −4.210210 −2.066846 0.900227 H −3.923313 2.953660 −0.900754
C −4.114275 −0.712542 0.578202 H −2.254581 2.886565 1.799312
H −1.733694 −3.281087 −1.085583 H −2.012137 1.488350 2.886938
C −4.134641 1.973403 −0.463991 H −0.918082 2.904895 2.965822
N −0.131292 1.210122 −2.046095 H −1.781818 1.360706 −3.353467
C 1.257185 0.887914 −1.943391 H −0.234495 1.913806 −4.054965
C 2.218239 1.907005 −1.844981 H −0.554477 0.169442 −3.855218
C 3.572008 1.586299 −1.735153 H 4.309423 2.384915 −1.657205
C 3.982758 0.250743 −1.728967 H −4.964024 −2.390844 1.618187
Table E.4. Optimized atomic coordinates (A˚) of ClMo(N[Me]Ph)3 (S = 1).
Atom x y z Atom x y z
C 8.597108 12.888545 0.365199 C 5.323539 10.372124 6.036369
C 8.431135 12.065875 1.501295 H 12.211899 7.045812 3.675567
C 9.597240 11.569636 2.125107 H 10.556057 9.344987 6.919058
C 10.862348 11.86074 1.629030 H 9.661949 14.206617 5.306459
C 11.013927 12.670024 0.497809 H 8.403294 12.580319 9.089737
C 9.872658 13.181026 −0.121704 H 11.736059 11.457203 2.138667
N 7.166730 11.739589 2.021739 H 9.969085 13.817976 −1.001272
C 6.014585 12.439269 1.443782 H 7.981710 12.823489 4.153842
Mo 6.861267 10.316263 3.412888 H 9.889973 14.10826 7.793937
N 6.384538 11.006558 5.244111 H 6.778187 11.139733 7.942612
C 7.279393 11.838349 5.946144 H 9.520681 10.945984 3.018353
C 8.106255 12.732377 5.231999 H 12.00562 12.901900 0.111911
C 9.039977 13.52836 5.889117 H 7.728897 13.297941 −0.145686
C 9.164864 13.478273 7.280350 H 10.103888 7.266721 2.429576
C 8.331725 12.621242 8.002767 H 12.48173 8.101479 5.919793
C 7.403437 11.806714 7.353253 H 8.414813 9.496024 5.713349
N 7.876625 8.595314 3.275858 H 5.859935 12.163224 0.388486
C 7.588146 7.614472 2.220232 H 5.109185 12.17151 1.994720
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Table E.4. Optimized atomic coordinates (A˚) of ClMo(N[Me]Ph)3 (S = 1), continued.
Atom x y z Atom x y z
C 9.100370 8.431631 3.963126 H 6.149174 13.530479 1.503826
C 9.260786 8.996362 5.245022 H 4.791659 11.127446 6.635348
C 10.467345 8.892638 5.932118 H 4.609966 9.892492 5.361459
C 11.54255 8.195136 5.376009 H 5.714663 9.603220 6.722848
C 11.387646 7.603972 4.119720 H 6.543730 7.714662 1.912821
C 10.189506 7.720685 3.414421 H 8.223186 7.761637 1.332410
Cl 4.771117 9.517466 2.725236 H 7.751028 6.592704 2.596070
Table E.5. Optimized atomic coordinates (A˚) of ClW(N[Me]Ph)3 (S = 0).
Atom x y z Atom x y z
C 2.360403 −0.901586 2.590887 C 2.851726 −0.883797 −1.624347
C 1.079890 −1.397126 2.333356 C 1.529443 −0.482459 −1.808614
C 0.065126 −0.537601 1.914290 H 3.083486 −1.945130 −1.538310
C 0.327536 0.828948 1.734638 C −0.649412 1.350083 −3.436968
C 1.607419 1.328811 2.013052 Cl −0.919743 4.284054 −0.835381
C 2.617924 0.463307 2.433736 H −1.804842 −0.962114 −1.980209
N −0.716114 1.697526 1.284032 H 1.985890 2.892444 −1.887224
C −1.551761 2.302418 2.340506 H 0.728905 −1.219477 −1.858358
H 0.867288 −2.459401 2.452906 H 4.903175 −0.250350 −1.382320
H 3.615083 0.856144 2.631004 H −3.106508 −4.068325 0.717521
W −1.192140 1.992720 −0.568921 H −4.312127 0.017344 1.370138
N −2.955907 1.075412 −0.712306 H 1.804932 2.391597 1.873699
C −3.043551 −0.303401 −0.353551 H −0.935245 −0.917683 1.705969
C −2.351226 −1.276209 −1.093065 H 3.154703 −1.576197 2.908828
C −2.374706 −2.617963 −0.710777 H −5.081818 1.115160 −0.672622
C −3.093048 −3.021166 0.416920 H −4.319867 2.586034 −0.013242
C −3.797242 −2.063821 1.154882 H −4.330131 2.298629 −1.763899
C −3.776116 −0.722964 0.775854 H −2.333065 2.934070 1.890760
H −1.835726 −3.355162 −1.305899 H −2.033936 1.530684 2.959814
C −4.234154 1.807531 −0.785526 H −0.938712 2.947786 2.989142
N −0.151017 1.294014 −2.048590 H −1.700295 1.668733 −3.445271
C 1.210203 0.881317 −1.888633 H −0.063858 2.067149 −4.034101
C 2.239113 1.834056 −1.817902 H −0.582475 0.361055 −3.917509
C 3.561135 1.425675 −1.637940 H 4.351428 2.173228 −1.570422
C 3.872284 0.066787 −1.536238 H −4.357369 −2.361872 2.041427
Table E.6. Optimized atomic coordinates (A˚) of ClW(N[Me]Ph)3 (S = 1).
Atom x y z Atom x y z
C 8.509011 12.714824 0.177402 C 5.279485 10.424715 6.029775
C 8.389720 12.100061 1.441351 H 12.247817 6.998408 3.752829
C 9.574771 11.762952 2.127983 H 10.35684 8.914718 7.113830
C 10.82402 11.985824 1.558223 H 9.559686 14.32109 5.442242
C 10.930863 12.580338 0.296653 H 8.385379 12.484219 9.155118
C 9.766611 12.947222 −0.380400 H 11.718786 11.710191 2.114864
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Table E.6. Optimized atomic coordinates (A˚) of ClW(N[Me]Ph)3 (S = 1), continued.
Atom x y z Atom x y z
N 7.143023 11.805251 2.025450 H 9.831946 13.419136 −1.360757
C 5.970849 12.48977 1.462612 H 7.912928 12.93587 4.238796
W 6.905237 10.373054 3.414838 H 9.809610 14.117851 7.921038
N 6.383913 11.014523 5.254120 H 6.797076 11.045715 7.954522
C 7.266117 11.844005 5.989382 H 9.522262 11.338977 3.135554
C 8.055373 12.79579 5.311144 H 11.908718 12.765053 −0.145759
C 8.968076 13.593695 5.997117 H 7.618811 12.999524 −0.379698
C 9.103035 13.486883 7.383662 H 10.264225 7.444641 2.370321
C 8.303980 12.571713 8.071730 H 12.334536 7.742534 6.132314
C 7.397669 11.75701 7.391479 H 8.339576 9.307139 5.751341
N 7.994283 8.711070 3.182144 H 5.727554 12.119478 0.454600
C 7.761358 7.808136 2.041757 H 5.100949 12.310458 2.101650
C 9.157489 8.442462 3.948495 H 6.144675 13.575042 1.407608
C 9.213354 8.836696 5.299756 H 4.784328 11.199282 6.634752
C 10.348235 8.599750 6.071052 H 4.548641 9.991332 5.342839
C 11.452557 7.940170 5.524618 H 5.623480 9.627225 6.707944
C 11.400093 7.523011 4.193379 H 6.738111 7.943315 1.678945
C 10.272059 7.769345 3.408691 H 8.450376 8.016141 1.209409
Cl 4.843446 9.465710 2.800355 H 7.891326 6.759204 2.349030
Table E.7. Optimized atomic coordinates (A˚) of PhCN.
Atom x y z Atom x y z
N −0.000141 0.000003 −1.145315 C −1.217841 0.000003 2.151219
C 0.000040 0.000002 0.018663 H 2.155445 −0.000004 1.598619
C 0.000078 0.000001 1.448692 H 2.154824 −0.000006 4.086468
C 1.217943 −0.000003 2.151296 H −0.000070 −0.000002 5.330236
C 1.210750 −0.000004 3.543596 H −2.154886 0.000004 4.086292
C −0.000040 −0.000001 4.240823 H −2.155262 0.000006 1.598434
C −1.210769 0.000002 3.543514
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Table E.8. Optimized atomic coordinates (A˚) of (µ,η1:η1-C2)(U(N[Me]Ph)3)2.
Atom x y z Atom x y z
U −0.749795 2.841759 −12.492007 H 0.129546 −8.357378 −12.039481
C −0.141105 0.615172 −12.335090 C −0.057677 −6.295602 −11.439131
N 0.071266 3.930594 −10.755267 C −1.219943 −3.609963 −9.9139760
C −0.475921 5.239906 −10.671876 H −1.574834 −2.596730 −10.153357
C −1.622364 5.487601 −9.8921480 H −0.958150 −3.626171 −8.8421300
C −2.218056 6.748171 −9.8820080 H −2.056383 −4.311887 −10.073200
H −3.109706 6.919642 −9.2797640 N −0.063347 −3.223731 −14.536065
C −1.683204 7.785548 −10.652270 C −1.280946 −3.913639 −14.483060
C −0.546726 7.555234 −11.430644 C −2.334560 −3.359067 −13.721629
H −0.129546 8.357378 −12.039481 C −3.540719 −4.046761 −13.557905
C 0.057677 6.295602 −11.439131 H −4.346097 −3.588419 −12.983931
C 1.219943 3.609963 −9.9139760 C −3.737421 −5.283396 −14.172474
H 1.574834 2.596730 −10.153357 C −2.706531 −5.835483 −14.947043
H 0.958150 3.626171 −8.8421300 H −2.851700 −6.799906 −15.434766
H 2.056383 4.311887 −10.073200 C −1.495585 −5.169110 −15.099922
N 0.063347 3.223731 −14.536065 C 0.636028 −3.118638 −15.811447
C 1.280946 3.913639 −14.483060 H 1.611262 −2.636122 −15.655471
C 2.334560 3.359067 −13.721629 H 0.831288 −4.093131 −16.285347
C 3.540719 4.046761 −13.557905 H 0.064042 −2.497017 −16.519879
H 4.346097 3.588419 −12.983931 N 3.004770 −2.673953 −12.268100
C 3.737421 5.283396 −14.172474 C 3.712987 −3.354513 −13.251222
C 2.706531 5.835483 −14.947043 C 4.857739 −2.849493 −13.914363
H 2.851700 6.799906 −15.434766 C 5.450862 −3.565670 −14.951490
C 1.495585 5.169110 −15.099922 H 6.332235 −3.153932 −15.444210
C −0.636028 3.118638 −15.811447 C 4.935136 −4.798472 −15.368750
H −1.611262 2.636122 −15.655471 C 3.822748 −5.324534 −14.707313
H −0.831288 4.093131 −16.285347 H 3.432965 −6.304310 −14.983136
H −0.064042 2.497017 −16.519879 C 3.232750 −4.626649 −13.654918
N −3.004770 2.673953 −12.268100 C 3.663176 −1.594810 −11.544448
C −3.712987 3.354513 −13.251222 H 4.548587 −1.960363 −10.996913
C −4.857739 2.849493 −13.914363 H 3.981884 −0.762785 −12.194080
C −5.450862 3.565670 −14.951490 H 2.963049 −1.174089 −10.808386
H −6.332235 3.153932 −15.444210 H −2.040393 4.668804 −9.3070550
C −4.935136 4.798472 −15.368750 H −2.155468 8.767572 −10.649640
C −3.822748 5.324534 −14.707313 H 0.945301 6.110688 −12.046361
H −3.432965 6.304310 −14.983136 H 2.211597 2.346025 −13.329724
C −3.232750 4.626649 −13.654918 H 4.688973 5.804200 −14.074579
C −3.663176 1.594810 −11.544448 H 0.696873 5.620018 −15.688735
H −4.548587 1.960363 −10.996913 H −5.275805 1.889671 −13.615436
H −3.981884 0.762785 −12.194080 H −5.411427 5.351594 −16.177109
H −2.963049 1.174089 −10.808386 H −2.442183 5.112833 −13.074219
C 0.141105 −0.615172 −12.335090 H 2.040393 −4.668804 −9.3070550
U 0.749795 −2.841759 −12.492007 H 2.155468 −8.767572 −10.649640
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Table E.8. Optimized atomic coordinates (A˚) of (µ,η1:η1-C2)(U(N[Me]Ph)3)2, continued.
Atom x y z Atom x y z
N −0.071266 −3.930594 −10.755267 H −0.945301 −6.110688 −12.046361
C 0.475921 −5.239906 −10.671876 H −2.211597 −2.346025 −13.329724
C 1.622364 −5.487601 −9.8921480 H −4.688973 −5.804200 −14.074579
C 2.218056 −6.748171 −9.8820080 H −0.696873 −5.620018 −15.688735
H 3.109706 −6.919642 −9.2797640 H 5.275805 −1.889671 −13.615436
C 1.683204 −7.785548 −10.652270 H 5.411427 −5.351594 −16.177109
C 0.546726 −7.555234 −11.430644 H 2.442183 −5.112833 −13.074219
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Table E.9. Optimized atomic coordinates (A˚) of (µ,η1:η1-NCCN)(Nb(N[Me]Ph)3)2 .
Atom x y z Atom x y z
Nb 8.209826 2.175216 7.932849 N 11.158387 −1.099563 11.428625
N 8.927519 4.039885 8.378580 C 10.497785 −0.357159 10.624162
C 8.222675 5.232609 8.039576 Nb 12.11191 −2.172349 12.552613
C 8.105521 5.635954 6.701279 N 11.392486 −4.036111 12.106418
H 8.580282 5.043592 5.926576 C 12.091377 −5.231781 12.447873
C 7.397988 6.788734 6.360309 C 12.198033 −5.638413 13.786191
H 7.319856 7.075331 5.314715 H 11.721065 −5.045603 14.559192
C 6.808999 7.574283 7.347891 C 12.898702 −6.794801 14.129363
H 6.266775 8.477977 7.082074 H 12.968868 −7.083511 15.174966
C 6.925816 7.189449 8.685664 C 13.491141 −7.580605 13.143967
H 6.465509 7.790159 9.466581 H 14.028067 −8.487041 13.411847
C 7.618975 6.032841 9.028560 C 13.384637 −7.192616 11.806086
H 7.682133 5.732410 10.071039 H 13.847156 −7.793805 11.026877
C 10.133945 4.276238 9.180538 C 12.697932 −6.032686 11.461199
H 10.595083 3.327895 9.457391 H 12.641609 −5.730330 10.418853
H 9.917537 4.827692 10.105801 C 10.188139 −4.268148 11.299996
H 10.871316 4.862649 8.612578 H 9.729887 −3.317924 11.024371
N 6.275958 1.815183 8.501083 H 10.406377 −4.817512 10.373872
C 5.168476 2.127241 7.657945 H 9.447808 −4.854750 11.864262
C 4.800903 3.462258 7.430203 N 14.045715 −1.810043 11.986745
H 5.352310 4.254640 7.925097 C 15.153502 −2.126819 12.828672
C 3.734003 3.778162 6.589045 C 15.535812 −3.461780 13.030042
H 3.474077 4.821399 6.428400 H 14.992635 −4.249862 12.519373
C 2.998453 2.769259 5.972106 C 16.604792 −3.782292 13.866946
H 2.160553 3.015677 5.325010 H 16.877361 −4.825205 14.007193
C 3.347406 1.435450 6.197144 C 17.326913 −2.777356 14.505825
H 2.785847 0.638029 5.716202 H 18.166564 −3.027226 15.149319
C 4.419613 1.116690 7.024983 C 16.962815 −1.443345 14.307541
H 4.694401 0.075696 7.172645 H 17.514342 −0.649473 14.805427
C 5.908703 1.066112 9.708581 C 15.888895 −1.120553 13.483306
H 6.792612 0.882834 10.319283 H 15.602245 −0.080120 13.354638
H 5.453632 0.092632 9.478248 C 14.418663 −1.063283 10.779661
H 5.186503 1.633581 10.312832 H 13.537053 −0.871854 10.168681
N 8.704342 1.452897 6.081997 H 14.881848 −0.093876 11.012007
C 8.528504 2.218233 4.891467 H 15.137316 −1.635584 10.175358
C 7.241756 2.502172 4.409579 N 11.617699 −1.452253 14.403623
H 6.379885 2.107718 4.936551 C 11.786556 −2.218701 15.594284
C 7.060736 3.272818 3.261128 C 13.070884 −2.510774 16.077591
H 6.051875 3.480076 2.913484 H 13.935742 −2.121684 15.551569
C 8.158806 3.759581 2.556618 C 13.245669 −3.282327 17.226363
H 8.016888 4.350151 1.655195 H 14.252913 −3.495738 17.575262
C 9.446243 3.475994 3.019123 C 12.143743 −3.762673 17.929363
H 10.312875 3.854249 2.482049 H 12.281028 −4.354659 18.830553
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Table E.9. Optimized atomic coordinates (A˚) of (µ,η1:η1-NCCN)(Nb(N[Me]Ph)3)2, continued.
Atom x y z Atom x y z
C 9.630569 2.719565 4.172559 C 10.85876 −3.471778 17.464683
H 10.637069 2.525814 4.533842 H 9.989086 −3.845944 17.999814
C 9.382701 0.169552 5.866665 C 10.680471 −2.713718 16.311365
H 9.523479 −0.346166 6.816382 H 9.675628 −2.514794 15.948309
H 10.370047 0.291031 5.401257 C 10.943112 −0.166201 14.613881
H 8.786318 −0.480529 5.209116 H 10.816455 0.350077 13.662311
N 9.164799 1.101997 9.055310 H 9.949236 −0.283126 15.067830
C 9.842205 0.359747 9.845715 H 11.535174 0.479359 15.279148
Table E.10. Optimized atomic coordinates (A˚) of (κC-CN)Nb(N[Me]Ph)3 .
Atom x y z Atom x y z
Nb 5.922622 3.783558 4.937964 C 3.593346 0.390024 2.727185
C 5.840205 4.573351 2.921003 C 3.802855 1.620212 3.350471
N 6.659513 5.371611 5.912877 H 3.911158 2.521470 2.755411
C 8.092721 5.651876 6.027830 H 3.562386 0.341546 1.642026
H 8.415249 5.711298 7.074147 H 3.237503 −1.720289 3.000886
H 8.345753 6.599750 5.538088 H 3.301112 −1.568411 5.484969
H 8.665076 4.854696 5.550575 H 3.711178 0.583816 6.591780
C 5.774634 6.308383 6.517954 N 7.309106 2.302508 5.124631
C 4.880387 7.036645 5.715746 C 7.922129 1.755431 3.913755
C 3.961943 7.913241 6.292801 H 7.803784 2.466455 3.093497
C 3.930049 8.091860 7.674229 H 8.997866 1.586912 4.055871
C 4.827318 7.385482 8.478780 H 7.463255 0.808962 3.599209
C 5.741152 6.502850 7.910923 C 7.471517 1.580334 6.316413
H 6.421789 5.946247 8.549656 C 8.001495 0.273277 6.365821
H 4.807858 7.515760 9.557899 C 8.109704 −0.411338 7.574279
H 3.216310 8.777724 8.122677 C 7.694026 0.167678 8.772100
H 3.279040 8.467071 5.654098 C 7.178255 1.464952 8.741296
H 4.924585 6.921333 4.636360 C 7.081206 2.160892 7.543860
N 4.140814 2.965814 5.362226 H 6.717713 3.183712 7.562509
C 3.254663 3.402076 6.440476 H 6.863910 1.949386 9.662816
H 2.220605 3.475858 6.080144 H 7.779221 −0.373297 9.710168
H 3.267293 2.721777 7.300817 H 8.524210 −1.416717 7.572594
C 3.851082 1.714311 4.750477 H 8.326812 −0.219133 5.456917
C 3.659032 0.543948 5.508476 N 5.754096 5.072391 1.863122
C 3.437258 −0.675307 4.880093 H 3.558246 4.389845 6.792727
C 3.406864 −0.762683 3.486023
Table E.11. Optimized atomic coordinates (A˚) of (κN-CN)Nb(N[Me]Ph)3 .
Atom x y z Atom x y z
C 7.085221 2.166354 7.555878 C 3.279302 3.390922 6.455538
C 7.473764 1.584196 6.328886 H 8.408145 5.725678 7.061768
C 7.999909 0.275421 6.377684 H 8.320303 6.593720 5.514130
C 8.106256 −0.409808 7.585826 H 8.647623 4.849697 5.549192
C 7.695712 0.172037 8.784048 H 6.427995 5.954574 8.552993
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Table E.11. Optimized atomic coordinates (A˚) of (κN-CN)Nb(N[Me]Ph)3, continued.
Atom x y z Atom x y z
C 7.184886 1.471487 8.753578 H 4.829684 7.536136 9.567250
N 7.311479 2.305115 5.137038 H 3.224712 8.790694 8.140777
C 7.926429 1.754148 3.927906 H 3.261140 8.461755 5.673301
Nb 5.927629 3.787620 4.905764 H 4.890643 6.909485 4.650334
N 4.158535 2.959977 5.368897 H 2.242384 3.466118 6.103361
C 3.855946 1.713118 4.751102 H 3.298400 2.705692 7.311790
C 3.658170 0.539997 5.503209 H 3.911678 2.527547 2.757889
C 3.424758 −0.674611 4.869347 H 3.540141 0.358754 1.636827
C 3.387180 −0.755061 3.475255 H 3.209523 −1.709043 2.985938
C 3.576934 0.400817 2.722176 H 3.284476 −1.56988 5.470069
C 3.798586 1.626015 3.351101 H 3.712342 0.573651 6.586343
N 5.855801 4.534796 2.953803 H 7.804981 2.458112 3.102254
C 5.759202 5.059065 1.894740 H 9.003043 1.592156 4.069882
N 6.641935 5.360623 5.923097 H 7.473632 0.802885 3.618991
C 5.761246 6.303053 6.526437 H 6.719954 3.188366 7.571205
C 4.860689 7.029377 5.729401 H 6.873705 1.957309 9.675471
C 3.949894 7.911806 6.309202 H 7.780146 −0.369281 9.722099
C 3.932049 8.100182 7.689697 H 8.514739 −1.417742 7.583605
C 4.836234 7.397388 8.489074 H 8.321343 −0.219110 5.468594
C 5.741564 6.508059 7.917655 H 3.585551 4.376150 6.811175
C 8.074888 5.651171 6.019504
Table E.12. Optimized atomic coordinates (A˚) of [(µ,η2:η1-CN)Nb(N[Me]Ph)3]2 .
Atom x y z Atom x y z
Nb −0.581117 −4.466614 −3.446716 C 0.827641 −7.786994 −7.698851
Nb 1.789252 −5.141221 −6.181867 H 0.191654 −7.841741 −6.817600
H 0.698836 −6.048514 −0.364663 H 1.439522 −8.700738 −7.743779
C 0.698145 −2.042829 −1.825842 H 0.177100 −7.798795 −8.586741
H 0.418515 −1.174320 −1.219653 C 2.477190 −6.558589 −8.857220
H 1.592646 −2.489798 −1.366409 C 3.704716 −7.237319 −8.899499
H 0.998986 −1.680147 −2.807614 C 4.462278 −7.285190 −10.069222
C −1.248030 −2.970359 −0.790088 C 4.012747 −6.649515 −11.225442
C −0.718926 −2.845371 0.515619 C 2.797646 −5.965316 −11.195975
C −1.546431 −2.805774 1.633269 C 2.038902 −5.923492 −10.028690
C −2.933777 −2.880921 1.499983 H 1.091390 −5.395500 −10.019434
C −3.474255 −3.001919 0.220202 H 2.435968 −5.460510 −12.088276
C −2.649503 −3.046670 −0.899819 H 4.599708 −6.689565 −12.139350
H −3.090981 −3.099515 −1.884921 H 5.402675 −7.831344 −10.076810
H −4.552971 −3.042622 0.085700 H 4.054761 −7.750994 −8.010357
H −3.577559 −2.835757 2.373706 N 3.376307 −5.914123 −5.188021
H −1.099428 −2.713520 2.620674 C 3.458785 −7.362012 −4.965175
H 0.355288 −2.784380 0.657564 H 3.593916 −7.573457 −3.895569
N −2.226286 −3.727177 −4.367771 H 2.546725 −7.864743 −5.288545
C −2.312824 −2.277741 −4.593671 H 4.308400 −7.809002 −5.500302
H −0.438433 −8.550307 −3.033238 C 4.556405 −5.229962 −4.742835
H −1.453229 −1.768023 −4.157232 C 5.632139 −5.007571 −5.613305
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Table E.12. Optimized atomic coordinates (A˚) of [(µ,η2:η1-CN)Nb(N[Me]Ph)3]2, continued.
Atom x y z Atom x y z
H −3.220353 −1.858467 −4.138175 C 6.786630 −4.363451 −5.169995
C −3.345614 −4.454459 −4.885105 C 6.890983 −3.935530 −3.848162
C −3.540426 −4.594026 −6.269534 C 5.830970 −4.162894 −2.970834
C −4.623859 −5.311754 −6.768763 C 4.677378 −4.806075 −3.411522
C −5.543879 −5.899493 −5.899159 H 3.853296 −4.968561 −2.725591
C −5.366140 −5.758018 −4.525244 H 5.897345 −3.828042 −1.938452
C −4.280311 −5.042284 −4.023191 H 7.787668 −3.425334 −3.505024
H −4.155510 −4.944329 −2.951105 H 7.605545 −4.193680 −5.864528
H −6.074066 −6.207695 −3.833382 H 5.561926 −5.341898 −6.643396
H −6.386656 −6.464084 −6.289530 C 2.360406 −1.220391 −7.725810
H −4.742764 −5.423827 −7.843723 N 1.673733 −3.590460 −7.511748
H −2.823474 −4.159090 −6.958678 H 1.378705 −0.870894 −7.422321
H −2.339592 −2.041331 −5.665183 C 0.293144 −3.336107 −7.895560
N −0.468257 −5.995992 −2.141820 H −0.309844 −4.234834 −7.727815
C 0.816744 −6.095635 −1.455420 H −0.176219 −2.525130 −7.324487
N −0.430697 −2.981983 −1.937724 H 0.215882 −3.089807 −8.962628
H 1.474146 −5.271473 −1.752382 C 3.353743 −0.285657 −8.004973
H 1.338582 −7.028909 −1.709767 H 3.123208 0.773968 −7.924642
C −1.408348 −7.028361 −1.849999 C 4.637681 −0.693365 −8.368736
C −1.268773 −8.324722 −2.371249 C 3.924491 −2.996400 −8.187051
C −2.204136 −9.312174 −2.070211 H 5.409490 0.040581 −8.585056
C −3.293424 −9.030027 −1.244302 H 5.898672 −2.396118 −8.766869
C −3.434442 −7.748569 −0.715705 H 4.135245 −4.051120 −8.316632
C −2.498818 −6.758758 −1.011395 C 2.631352 −2.601678 −7.800002
H −2.601219 −5.768562 −0.584295 C 4.912313 −2.056959 −8.460015
H −4.271997 −7.512246 −0.063367 C −0.007391 −5.934092 −5.378876
H −4.023048 −9.802714 −1.014653 N −1.043872 −6.349181 −4.962386
H −2.085662 −10.307169 −2.491860 C 1.216610 −3.668949 −4.259161
N 1.663742 −6.578426 −7.677047 N 2.229360 −3.230638 −4.708056
Table E.13. Optimized atomic coordinates (A˚) of (µ,η2:η2)-NCCN)(Nb(N[Me]Ph)3)2.
Atom x y z Atom x y z
C 1.331440 −5.399111 −5.974680 C 4.784073 −7.171425 −12.354767
C 0.825382 −4.691799 −4.788901 C 4.959506 −8.047958 −11.283763
N 1.227584 −3.661443 −4.190840 C 4.106931 −7.995870 −10.183701
Nb −0.545822 −4.366190 −3.254782 H −2.532920 −5.692203 −0.648229
N 0.947774 −6.435465 −6.574473 H −4.440413 −9.468879 −1.410220
Nb 2.671540 −5.653337 −7.551001 H −0.701503 −8.523621 −3.311643
N 2.179881 −7.029046 −8.989577 H 1.237530 −7.423462 −2.098626
C 0.962205 −7.810416 −9.210568 H 0.825253 −6.602705 −0.575693
N −0.413107 −6.075792 −2.211398 H −1.583208 −5.738276 −5.973493
C 0.881123 −6.480625 −1.665161 H −5.552335 −7.345241 −6.295054
N −2.163892 −3.753789 −4.285759 H −4.828330 −3.906968 −3.818483
C −2.342481 −2.357204 −4.675677 H −2.223927 −2.225583 −5.759971
N −0.085422 −2.897761 −1.841331 H −3.333273 −1.973212 −4.399139
C 1.218332 −2.264014 −1.626999 H 0.597889 −2.972808 0.806188
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Table E.13. Optimized atomic coordinates (A˚) of (µ,η2:η2)-NCCN)(Nb(N[Me]Ph)3)2, continued.
Atom x y z Atom x y z
C −1.487968 −6.993615 −2.006673 H −3.409277 −2.833157 2.337628
C −2.549968 −6.649259 −1.158882 H −2.733447 −2.710115 −1.899498
C −3.608551 −7.531796 −0.952872 H 1.677853 −2.047147 −2.588511
C −3.618436 −8.778774 −1.576547 H 1.102075 −1.327828 −1.067958
C −2.560712 −9.131438 −2.418760 H 1.638714 −5.720135 −1.874572
C −1.507369 −8.248911 −2.636436 H −4.421819 −7.245080 −0.290810
C −3.086463 −4.696772 −4.828844 H −2.564123 −10.097091 −2.917837
C −2.631162 −5.702637 −5.696439 H −1.597671 −1.734356 −4.174743
C −3.511105 −6.652667 −6.212208 H −3.129739 −7.421916 −6.879351
C −4.865253 −6.608120 −5.888480 H −6.383334 −5.571020 −4.761554
C −5.330917 −5.606810 −5.032334 H 1.925207 −2.895781 −1.066990
C −4.453980 −4.663804 −4.503382 H −0.946215 −2.955479 2.700232
C −0.938850 −2.872144 −0.721037 H −4.279218 −2.709595 0.000764
C −0.467414 −2.916735 0.612132 H 4.694745 −4.360175 −9.905221
C −1.347475 −2.908044 1.690297 H 6.568329 −0.533918 −9.351046
C −2.727007 −2.845824 1.491366 H 2.739631 −1.323907 −7.568741
C −3.210231 −2.783920 0.185720 H 0.837387 −2.528636 −8.273020
C −2.335730 −2.791591 −0.897120 H 1.145303 −3.093732 −9.927810
N 2.497875 −3.864793 −8.489556 H 3.726636 −4.370077 −4.874194
C 1.169939 −3.386896 −8.869752 H 7.679790 −2.759234 −4.430879
N 4.339455 −6.295582 −6.615134 H 7.017639 −6.112011 −7.038325
C 4.612900 −7.711125 −6.383943 H 4.675661 −7.929496 −5.309773
C 3.575285 −2.964568 −8.704425 H 5.550495 −8.040170 −6.851045
C 4.686680 −3.369913 −9.463534 H 2.076655 −5.475272 −11.193010
C 5.755744 −2.504839 −9.686729 H 5.453061 −7.205466 −13.209789
C 5.738017 −1.211770 −9.169061 H 4.242813 −8.688508 −9.359386
C 4.640462 −0.796250 −8.413764 H 0.369581 −7.831957 −8.297295
C 3.572791 −1.657998 −8.179496 H 1.206414 −8.843058 −9.499262
C 5.250491 −5.365873 −6.034859 H 0.429801 −4.178688 −8.730225
C 4.776772 −4.389952 −5.141200 H 6.598050 −2.844185 −10.28451
C 5.642373 −3.454252 −4.578481 H 4.618606 0.205719 −7.991462
C 7.002929 −3.483591 −4.876330 H 3.806094 −8.315633 −6.802116
C 7.487317 −4.454561 −5.756424 H 5.244839 −2.709137 −3.893957
C 6.625373 −5.381925 −6.335114 H 8.545447 −4.480065 −6.006215
C 3.055478 −7.066358 −10.124203 H 0.343378 −7.389192 −10.018904
C 2.882353 −6.202125 −11.216348 H 3.592311 −5.554828 −13.139361
C 3.737952 −6.248111 −12.315558 H 5.765105 −8.778752 −11.306058
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